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CHAPTER 1: GENERAL INTRODUCTION 
Introduction 
Plants have developed various mechanisms to modulate their internal metabolisms, 
including the process of senescence, as well as responses to external stresses due to 
their sessile life cycle. Senescence is a controlled cellular process to recycle nutrients and 
manage the stress/molecular changes associated with age. Senescence follows a leaf-
specific timeline in Arabidopsis. Many different types of senescence associated genes 
(SAGS) are up-regulated under senescence. Hormone and sugar signaling regulate 
senescence. Plants have kept evolving new genes and mechanisms to regulate 
metabolism and adaptation to changing environment. The majority still remains to be 
characterized, some are genes with completely unknown functions or protein with obscure 
features (Gollery et al., 2007; Jaroszewski et al., 2009), and are clade-specific. Qua Quine 
Starch (QQS) is one species-specific orphan gene in Arabidopsis that connects primary 
metabolism and adaptation to environmental changes (Li et al., 2009; Arendsee et al., 
2014; Li and Wurtele, 2015; Li et al., 2015b).   
What is senescence? 
Senescence in plants can be defined as the cellular signaling program that leads to 
the degeneration and eventually death of tissue.  More than simply the process of age 
affecting the plant, senescence is a tightly controlled system that is regulated and 
triggered by various internal and external factors, including internal hormones, darkness, 
nutrient limitation, and damage by pathogens or environmental stresses (Noodén et al., 
1997; Lim et al., 2007).   Senescence has been considered as a form of programed cell 
death (PCD), due to its overlapping function with PCD, in that it usually leads to tissue 
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death (van Doorn and Woltering, 2004).  It has been alternatively described as a 
somewhat distinct phenomenon that generally leads to PCD (Delorme et al., 2000; 
Thomas et al., 2003);  this latter idea was conceived  because  senescence occurs over a 
broad area of tissue on the scale of plant organs, rather than cells, and it occurs over a 
slower timeframe than PCD.  In the case of leaves, which have been most often studied, 
senescence is associated with a greater efficiency of nutrient recycling, specifically 
reallocating nutrients from the leaf to the developing seeds (van Doorn and Woltering, 
2004; Lim et al., 2007). Leaf senescence has the potential to be reversed, as the early 
degreening that is generally thought to be the first signs of the senescence program can 
be reversed under certain conditions, with PCD being the point at which plant tissues must 
die (Thomas et al., 2003; van Doorn and Woltering, 2004; Lim et al., 2007). These 
distinctions are largely prevalent in leaf senescence; in many other tissues, such as floral 
tissues or fruit, regreening and reversibility of the senescence program is rare or non-
existent (van Doorn and Woltering, 2004; Rogers, 2006). 
Leaf senescence   
Leaf senescence is observed in the common experience in the vivid leaf color 
changes in leaves of deciduous perennial trees as the weather changes; this visibility has 
likely contributed towards its interest to the scientific community.  In these perennial 
species, this change occurs due to the breakdown of chlorophyll to colorless catabolites 
as chloroplastic proteins are catabolized during senescence for their significant nitrogen 
content and remobilized to the rest of the plant before leaf abscission so that these 
resources may be used for the next growing season (Hörtensteiner and Kräutler, 2011). 
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This process reveals carotenoid and anthocyanin products either present in the leaves or 
produced concurrently with senescence (Liu et al., 2008).   
Among monocarpic plants that complete their lifecycle in one season, senescence 
is connected with the processes that end the plants life entirely.  In many species, 
senescence and longevity of the leaves is controlled by the reproductive cycle.  In cereal 
crops, leaves senesce under what is termed correlative control with reproduction, 
senescing and transferring nutrients in a serial fashion in conjunction with the 
development of mature seeds (Gregersen and Holm, 2007; Gregersen et al., 2013).  This 
correlative control is quite strong in some species; removal of the flowering organs as in 
peas and soybeans (Noodén and Penney, 2001) or interruption of phloem connecting the 
flower in wheat (Schenk and Feller, 1990) can prevent leaf senescence.  Conversely, in 
other species such as maize and barley (Ceppi et al., 1987; Sekhon et al., 2012), such 
practices can accelerate senescence. 
In Arabidopsis and some other Brassicas leaf senescence is largely lacking in this 
kind of correlative control with reproduction. As studied in Arabidopsis, each leaf has its 
own timeline of expansion, maturity, and senescence, independent of the reproductive 
stage of the plant and is not changed by the removal or disruption of flowering tissue, with 
reproductive factors only effecting individual leaves in the context of a separate, whole 
plant-scale program of senescence (Noodén and Penney, 2001; Lim et al., 2007).   
Under controlled optimized conditions, each leaf grows for approximately twelve 
days after it emerges from its vegetative meristem through stages of division and cellular 
expansion. The cells transition from division to expansion starting from the tip of the leaf 
(Andriankaja et al., 2012; Gonzalez et al., 2012).  After full expansion and maturity, and 
the leaf reaches full photosynthetic activity, the onset of visible senescence begins 
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approximately twenty to twenty-four days after emergence. The yellowing of the leaf and 
transfer of nutrients via the vascular system begins at this stage, again proceeding from 
the tip to the base of the leaf.  The final destructive process in the tissue that is generally 
termed “death” occurs twenty-eight to thirty-two days after the leaf’s initial emergence (Lim 
et al., 2007).  The speed of this process has been shown to be controlled by light dosage, 
as exposing whole plants to decreased light levels has been shown to decelerate the 
process of senescence.   However, leaves exposed to decreased light levels individually 
show increased senescence (Nooden et al., 1996; Weaver and Amasino, 2001).    As the 
separate reproductive program commences, rosette leaf generation ceases and nutrient 
allocation is shifted to the growing reproductive structures.  The plant eventually dies 
when all leaves and other photosynthetic tissue senesce and the seeds mature. 
Molecular changes in the process of senescence  
Leaf senescence starts with reduced photosynthetic activity and the reduction of 
protein, tRNA, and rRNA synthesis and other anabolic processes.    RNA levels in both 
the cytosol and chloroplast also show a decrease, due to increased production of RNases 
(Buchanan‐Wollaston et al., 2003).  After the production of senescence-associated gene 
products, chloroplast DNA is degraded, followed by the condensation of the nucleus and 
chromatin (Simeonova et al., 2000; Lim et al., 2007). 
Physically observable changes in the chloroplasts start with thylakoid membrane 
system disruption (Greening et al., 1982).  Small lipoprotein particles known as 
plastoglobuli accumulate; these particles reduce the free-radical damage by accumulating 
tocopherol cyclase (Austin et al., 2006; Piller et al., 2014).  Abundant chloroplastic 
proteins such as ribulose bisphosphate carboxylase (Rubisco) and chlorophyll a/b binding 
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(CAB) proteins are degraded and used as a nitrogen source (Hörtensteiner, 2009; Ono et 
al., 2013).  Despite much research on senescence associated proteases, no chloroplastic 
protease capable of completely degrading Rubisco has been found (Kokubun et al., 2002; 
Zhang et al., 2007; Carrión et al., 2014).  It is likely that Rubisco and other chloroplastic 
proteins are exported to the vacuole for degradation, at least under certain conditions 
(Marty, 1999; Feller et al., 2008).  Early evidence suggested that protein degradation 
products accumulate in the vacuole in late senescence (Matile, 1997), and that Rubisco 
requires a low pH for degradation (Marty, 1999).  More recent findings have suggested 
that Rubisco localizes to the vacuole during senescence (Ono et al., 2013).  Furthermore, 
secondary vacuole-like cell compartments called senescence-associated vacuoles (SAVs) 
have been observed to accumulate in senescing Arabidopsis, soybean, and tobacco 
leaves. SAVs have increased chloroplastic protein degradation including degradation of 
Rubsico.  SAVs contain high levels of protease activity, including the well-studied 
Senescence Associated Gene 12 (SAG12), a senescence-associated cysteine protease 
(Martínez et al., 2008; Carrión et al., 2014).  There are also cell compartments named 
Rubsico-containing bodies (RCBs) observed in wheat leaves.  These RCBs form from the 
chloroplast and have a role in transporting Rubsico to the vacuole (Chiba et al., 2003; 
Ishida et al., 2008). 
CAB catabolism is accompanied by the breakdown of chlorophyll that causes the 
leaf yellowing caused by senescence.  This breakdown may detoxify free chlorophyll 
released from chlorophyll-binding proteins as a prerequisite for their breakdown and 
remobilization, as suggested by experiments with delayed senescence mutants like stay-
green (sgr), which is known to interact with chlorophyll catabolic enzymes and the light 
harvesting complex II (LHC-II) (Park et al., 2007; Hörtensteiner and Kräutler, 2011; 
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Sakuraba et al., 2012).  Two pathways, GS/GOGAT and PPDK-GS/GLGOT, have been 
proposed for the long distance transport of recycled nitrogen after the chloroplastic 
proteins are broken down by conversion to glutamine or asparagine (Liu et al., 2008).  In 
the late stage of leaf degradation, mainly carotenoids, anthocyanins, phenolics, and 
chlorophyll breakdown products will remain in the leaf (Lim et al., 2007; Hörtensteiner and 
Kräutler, 2011). 
Despite the degradation that takes place inside the chloroplast, the outer structure 
of the chloroplasts, nucleus and mitochondria remain intact until the latest stages of 
senescence. Mitochondrial and peroxisomal metabolic activity increases, while 
peroxisomal catalase and cytosolic ascorbate peroxidase (APX1) are down-regulated, 
resulting in a spike in the production of reactive oxygen species (Beers, 1997; 
Zimmermann et al., 2006).  Coupled with a decrease in general antioxidant activity, this 
leads to increased oxidative damage in the leaf (Procházková and Wilhelmová, 2007). 
Lipases that break down membrane structures are induced by senescence.  The resultant 
fatty acids are oxidized within the senescent tissue or converted to α-ketoglutarate by the 
glyoxylate cycle, which can then be converted through gluconeogenesis into sugars that 
can be transported through the phloem to the rest of the plant (Thompson et al., 1998; Lim 
et al., 2007).  As the process of senescence continues cytoplasmic elements are 
absorbed into the vacuole until the cell begins to show signs of complete cell death and 
the leaf loses viability (Lim et al., 2007). 
Genomic and transcriptional regulation of senescence 
Much of the study of the molecular regulation of senescence has been the result of 
identifying either senescence associated genes (SAGs) or senescence down-regulated 
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genes (SDGs) and analysis of senescence mutants using forward and reverse genetics (Li 
and Guo, 2014).  Microarray technology has revealed a great amount of complexity in the 
changes of gene expression as senescence occurs.  In Arabidopsis, expression 
experiments have suggested that over twenty percent of the genome shows altered 
expression under senescence; the genes that are specifically highly up-regulated during 
senescence are considered SAGs (Buchanan‐Wollaston et al., 2003; Zentgraf et al., 
2004). These include transcription factors, signaling components such as kinases, 
hormone control genes, proteases, lipases, and autophagy genes (Lin and Wu, 2004; 
Buchanan-Wollaston et al., 2005). A significant portion of these genes are functionally 
annotated as unknowns (Van der Graaff et al., 2006). Temporal transcriptional profiling 
has also shown concerted clusters of genes that are altered under specific points during 
the senescence process, with the bulk of genes being up-regulated from the first sign of 
leaf yellowing (Breeze et al., 2011).   
Three-hundred members from several families of transcription factors have been 
shown to be up-regulated in senescence and are thought to control the dramatic changes 
in gene expression seen during senescence (Li and Guo, 2014).  These transcription 
factors include members of the WRKY, NAC, MYB, C2H2, bZIP, HSF, AP2/EREBP and 
GRAS families (Van der Graaff et al., 2006; Li and Guo, 2014).   Among them, the WRKY 
family is a very well-studied family of transcription factors (Bakshi and Oelmüller, 2014).  
They mediate plant responses to biotic factors, such as pathogen defense, by activation of 
the systemic acquired resistance pathway and by inducing senescence (Eulgem and 
Somssich, 2007).  WRKY proteins function both upstream and downstream of signaling 
networks involving ethylene, jasmonic acid, salicylic acid, auxin, cytokinin and 
brassinosteroid hormones (Bakshi and Oelmüller, 2014).  The WRKY family is defined by 
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conserved domains that allow binding to W-box motifs (Rushton et al., 2010).  Sequence 
analysis has revealed that the promoters of many SAGs contain such binding sites 
(Gregersen and Holm, 2007; Zentgraf et al., 2010).   
To date, six WRKY proteins, WRKY6 (Robatzek and Somssich, 2001), WRKY22 
(Zhou et al., 2011), WRKY 53 (Miao et al., 2004), WRKY54 and WRKY70 (Besseau et al., 
2012), and WRKY18 (Potschin et al., 2014) have been well-studied in regard to their 
involvement in leaf senescence.   WRKY53 has been particularly shown to have a central 
role in regulating senescence (Zentgraf et al., 2010).  WRKY53 is a positive regulator of 
senescence, highly expressed in the early stages of senescence and showing a delayed 
senescence phenotype when knocked out (Hinderhofer and Zentgraf, 2001).  Evidence 
suggests that WRKY53 can target at least sixty-three genes including catalase genes, 
SAG12, other WRKY genes, and ethylene response proteins (Miao et al., 2004).  
WRKY53 itself is regulated by several kinases; mitogen-activated protein kinase kinase 
kinase 1 (MEKK1) and AD protein can both bind to the WRKY53 promoter and 
phosphorylate it, increasing the transcription factor’s binding ability (Miao et al., 2007; 
Miao et al., 2008).  WRKY53 expression is repressed by a DNA binding protein called 
WHIRLY1 (WHY1); its knockout mutant produce an increased senescence phenotype 
(Miao et al., 2013). 
Senescence is regulated by hormone signaling and sugar signaling 
All of the factors that can induce senescence, from maturity, drought, osmotic 
stress, oxidative stress, dark response, and biotic attack, are coordinated by plant 
phytohormones.  Cytokinin is one of the most well studied hormones in the context of 
senescence.  Cytokinin inhibits senescence and is active when the plant tissue divides 
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and matures (Zwack and Rashotte, 2013).  The recent data suggests a model by which 
histidine kinase 3 (AHK3), which acts as a cytokinin receptor, phosphorylates type-B 
response regulator (ARR2) and induces the transcription factor cytokinin response factor 6 
(CRF6). Both of these are thought to activate downstream factors like cell-wall invertase 
(CWINV) which is an essential downstream component of cytokinin’s repression of 
senescence (Lara et al., 2004; Kim et al., 2006; Zwack et al., 2013).  Upon senescence, 
the first enzyme in the cytokinin pathway, adenosine phosphate-isopentenyltransferase 
(IPT), is down-regulated while cytokinin oxidase is up-regulated, leading to cytokinin’s 
degradation (Buchanan-Wollaston et al., 2005; Van der Graaff et al., 2006).   
Abscisic acid (ABA) is one of the major plant environmental stress response 
hormones. It  controls stomata closure to respond to drought and heat stresses well as 
salt stress (Hirayama and Shinozaki, 2007; López et al., 2008).  ABA levels are indeed 
increased when leaves senesce.   ABA has also been shown to promote oxidative stress 
and this could be the likely mechanism by which it can induce senescence (Hung and 
Kao, 2004). 
Ethylene (ET) is well known for controlling the maturation of fruit and inducing 
senescence (Abeles et al., 1988; Grbić and Bleecker, 1995). Ethylene insensitive mutants 
are known to cause a reduced senescence phenotype (Oh et al., 1997). Interestingly, 
while ET acts as an inducer of senescence when used as an experimental treatment, it 
does not appear to initiate senescence; ET seems to generally increase senescence in 
leaves that have already started to progress though speeding up the process rather than 
starting it (Jing et al., 2005).  Ethylene signaling also has a close relation to jasmonic acid 
(JA) signaling.  Two ethylene-related genes, ETHYLENE-INSENSITIVE2 (EIN2) and 
EIN3-Like 1 (EIL1) delay JA-induced senescence when knocked out (Li et al., 2013). 
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Jasmonic acid is also involved in regulating plant growth and wounding and 
pathogen response (Devoto and Turner, 2003).  JA strongly induces senescence when 
applied exogenously, and the JA-insensitive mutant coi1-1 shows delayed leaf 
senescence (He et al., 2002; Katsir et al., 2008).  A significant fraction of senescence-
associated genes, including SAG12, have been shown to be down-regulated in JA 
insensitive mutants (Buchanan-Wollaston et al., 2005).   Both JA and ET are involved in 
dark-induced senescence (Li et al., 2013). 
Salicylic acid (SA) is predominantly increased under natural senescence and 
pathogen response.  SAG genes have been shown to be reduced in plant lines 
overexpressing nahG (a salicylate hydroxylase) that are defective in SA signaling (Heck et 
al., 2003; Buchanan-Wollaston et al., 2005).  WRKY53 is also regulated by SA (Miao et 
al., 2007). 
Plant senescence is controlled in part by elements of the sugar signaling system, 
as evidenced by several sugar sensing mutants that show an altered senescence 
phenotype (León and Sheen, 2003).   Sugar sensitive mutants such as sweetie and the 
orphan gene hypersenescence1 (hys1) in Arabidopsis show a premature senescence 
phenotype (Yoshida et al., 2002; Veyres et al., 2008).  Overexpression lines of hexokinase 
(HXK), a sugar sensor, show an increased senescence phenotype, as the overexpression 
causes the plant to have an oversensitive reaction to sugars, while its mutant show a 
reduced senescence phenotype (Jang et al., 1997; Xiao et al., 2000).  Intracellular sugars 
increase as photosynthesis activity slows and senescence begins (Avila-Ospina et al., 
2014).  Trehalose 6-phospate, an important signaling sugar, accumulates significantly in 
senescent leaves along with other sugars; senescence is delayed in mutants that lack this 
accumulation (Wingler et al., 2012).  Several genes involved in senescence, including 
11 
 
 
 
SAG12, nitrogen transporters, and sugar transporters are strongly up-regulated by 
treatment with glucose (Pourtau et al., 2006).  In turn, many enzymes, sensors, and 
transporters related to sugars, including HXK, transporters SFP1 & STP13, and several 
sugar degrading enzymes are up-regulated under senescence (Quirino et al., 2001; Guo 
et al., 2004; Nørholm et al., 2006). 
Because of such findings, high sugar concentrations are thought to be able to 
induce senescence (Wingler et al., 2009).  How the plant manages to accumulate 
carbohydrates in the context of the other elements of senescence has been the subject of 
study.  It has been found in castor beans that callose accumulates in the sieve plates, 
preventing the flow of the phloem and leading to an abundance of sugars in the leaf just 
before the breakdown of chlorophyll (Jongebloed et al., 2004). It is not yet clear how other 
nutrients are able to be transported as this occurs (Wingler et al., 2006). It is also possible 
that the up-regulation of peroxisomal genes during senescence may allow for sugar 
synthesis to occur from lipids (Michels et al., 2005). 
Despite this evidence, there has been some debate on this point due to research 
indicating that senescence can be induced by carbohydrate starvation (Quirino et al., 
2000; Fahnenstich et al., 2007; van Doorn, 2008).  However, many of these experiments 
used darkness to induce starvation and would have been exposed to signals involved in 
dark-induced senescence.  Other distinctions that may account for the discrepancy are the 
fact that the type of cell in which sugars may be present in may dramatically change what 
effect they have on the plant. In addition different cell types tend to senesce at different 
rates, with the mesophyll cells (where the chloroplasts are mainly located) going first, 
followed by the epidermis, and then the vascular bundle.  Since most experiments 
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observe sugar levels from a combined set of tissues, the variability among the tissues may 
confound these results (van Doorn, 2008; Zwack and Rashotte, 2013). 
The complex regulatory relationships that define other inducers of senescence are 
also true of sugar signaling.  Many sugar-related mutants that affect sugar signaling 
pathways and senescence are stress- and hormone-related genes.  Examples of this are 
sugar insensitive mutants, gin1, gin5, gin6, and gin4, the first three being ABA mutants, 
and the last being an ET mutant (León and Sheen, 2003).  The mutant hys1 mentioned 
earlier is associated with an increase in oxidative stress gene expression and sensitivity to 
ET, JA, and ABA in addition to sugar (Yoshida et al., 2002; Jing et al., 2007).  There is 
also evidence that suggests cytokinin’s ability to delay senescence can be repressed by 
high sugars, further supporting the ability of sugar levels to increase senescence (Wingler 
et al., 1998; Zwack and Rashotte, 2013). This provides but a small example of the 
complex relations between sugar, stress and hormone signaling, and senescence.  There 
are many questions to be answered about these networked processes. 
Proteins with unknown functions involved in senescence response  
In the Arabidopsis genome, the functions of over 30% of genes are either 
completely unknown or poorly understood (Horan et al., 2008; Lamesch et al., 2012).  It 
was initially thought that these genes were simply misunderstood due to incomplete 
sequencing of many species; recently such proteins have begun to be studied in their own 
right, due to the large numbers of these genes present in all forms of life (Siew and 
Fischer, 2003; Jaroszewski et al., 2009; Tautz and Domazet-Loso, 2011; Arendsee et al., 
2014).  While they represent a relatively unique set of proteins compared to proteins with 
defined features, genes of unknown function themselves are largely regulated by the 
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same or similar regulatory and signaling mechanisms as are proteins with defined 
functions (Horan et al., 2008).  These genes can be divided between genes that code for 
proteins that contain a domain of unknown function (DUF) that can be ascertained by 
protein modeling and grouped with other proteins with similar domains but lacks a defined 
function, and proteins that have no defined motifs and are confined to specific clades or 
species (Gollery et al., 2007; Jaroszewski et al., 2009).  Commonly, DUFs are analyzed 
within databases such as the Pfam database, which collects proteins into families as a 
function of domains discovered by sequence alignments and protein modeling (Finn et al., 
2008).  A study of the three-dimensional structures of about 250 DUF families 
(Jaroszewski et al., 2009) has suggested that that the majority of such families, up to 60% 
or more, are highly diversified forms of known protein families.  This knowledge may be 
used to infer the functions of these domains and thus signifies a useful research tool for 
the study of these proteins.  
Many unknown genes are defined as protein coding genes that do not possess 
recognizable motifs from which one may infer their functions.  Genes that fit this definition 
make up about 15% to 40% of ten commonly studied and well-sequenced eukaryotic 
genomes (Gollery et al., 2006). These genes lack even the poorly annotated motifs that 
the DUF proteins possess; these genes have little sequence similarity to other genes 
outside of a single species or clade (Gollery et al., 2007; Mewalal et al., 2014).   
Among such typically “taxonomically-restricted” or “clade-specific” genes, the vast 
majority are poorly understood (Khalturin et al., 2009; Donoghue et al., 2011; Arendsee et 
al., 2014).  They are thought to play a significant role in the unique genetic differences 
between organisms (Tautz and Domazet-Loso, 2011).  The study of clade-specific genes 
have also determined a key position of de novo evolution of genes from untranslated 
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material in the evolution of life (Heinen et al., 2009; Neme and Tautz, 2013; Schlötterer, 
2015); in a recent study of Arabidopsis thaliana-specific genes, over half were suggested 
to have likely originated from intergenic material in Arabidopsis lyrata (Donoghue et al., 
2011).  This study also suggested that a quarter of a subset of Brassicaceae-specific 
genes studied may have originated from duplicated non-specific genes that diverged 
rapidly to the point of being nearly unrecognizable. However, it is difficult to determine 
relationships among genes that have evolved rapidly in this fashion without many known 
motifs, and it is unclear how one duplicate could undergo so much change while the other 
keeps its original function, especially when the original gene is non-essential (Conant and 
Wolfe, 2008; Donoghue et al., 2011; Tautz and Domazet-Loso, 2011; Schlötterer, 2015).  
The acquiring of functions by genes affected by transposons has also been found to occur 
at a higher rate in clade-specific genes and may contribute to the rapid change in some of 
these genes (Wilson et al., 2007; Toll-Riera et al., 2009; Donoghue et al., 2011; Arendsee 
et al., 2014).  
Bioinformatics approaches such as co-expression analyses can be used to infer 
information about the properties and functional relationships of clade-specific genes 
(Horan et al., 2008; Obayashi et al., 2011), but functional analysis based on homology is 
not possible.  Despite the challenges associated with studying these proteins, there have 
been notable examples of clade-specific genes and even species-specific genes 
(orphans)  being functionally understood experimentally and by systematic “omics” 
analysis (Luhua et al., 2008; Li et al., 2009; Luhua et al., 2013; Mewalal et al., 2014; Li 
and Wurtele, 2015; Li et al., 2015b).  Studies in Arabidopsis and rice have indicated that 
that orphan genes are preferentially expressed in response to stress and often functional, 
yet are rarely found to be catalytic enzymes  (Guo et al., 2007; Luhua et al., 2008; Li et al., 
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2009; Donoghue et al., 2011; Arendsee et al., 2014; Li and Wurtele, 2015; Li et al., 
2015b).   
The Qua Quine Starch (QQS) gene of Arabidopsis thaliana is an example of an 
orphan gene that functions to regulate carbon and nitrogen allocation.   QQS is a gene 
present only in A. thaliana and is the first such orphan in plants whose function was 
characterized to be involved in metabolism (Li et al., 2009; Seo et al., 2011; Arendsee et 
al., 2014; Li and Wurtele, 2015; Li et al., 2015b).   
When QQS expression was experimentally reduced in Arabidopsis in an RNAi line, 
leaf starch content was increased 15-30% without causing a noticeable effect on the plant 
morphology (Li et al., 2009).  QQS overexpression mutants had decreased starch by as 
much as 23% (Li and Wurtele, 2015).  Furthermore, the overexpression of QQS also 
increases the leaf protein content; it can also have this effect when expressed in soybean, 
rice and corn, where it does not occur naturally (Li and Wurtele, 2015; Li et al., 2015b).  
QQS transcript level also responds to various abiotic and biotic stresses (Li et al., 2009; 
Seo et al., 2011; Arendsee et al., 2014; Li and Wurtele, 2015; Li et al., 2015b).   
QQS transcript accumulation is significantly altered in knockout mutants of several 
genes associated with pathogen stress and/or carbon and nitrogen allocation, such as 
Exordium-Like 1 (exl1), Penetration Resistance 3 (pen3), and syntaxin of plants 121 & 
122 (syp121&122), as reported in  which extracted data from (Arendsee et al., 2014).   
These findings suggest that QQS may function to optimize tolerance to environmental 
stresses by mediating signals between metabolism and response to environmental 
changes (Arendsee et al., 2014; Li and Wurtele, 2015).  
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Thesis organization 
My thesis consists of three chapters. Chapter 1 is the general introduction, a review 
of literature relative to plant senescence and related stresses, and the functions of 
unknown genes and clade-specific proteins with obscure features, presenting the QQS 
(Qua-Quine starch) gene as an example of a clade-specific gene that has been indicated 
to integrate metabolism and environmental changes.  Chapter 2 is a manuscript to be 
submitted to the F1000Research journal detailing studies on SAQR (Senescence-
associated QQS related), a senescence-related clade-specific obscure gene.  The 
manuscript describes my work to further characterize this gene, showing that it is a 
senescence-associated gene that is specifically highly expressed in the vasculature of 
senescent leaves. The gene has homology to genes in a select group of species within 
the family Brassicaceae but still appears to be relatively taxonomically isolated.  This gene 
is also able to alter the starch metabolism and growth of the plant when its expression is 
altered, implying a complex place in the interplay between primary metabolism and 
adaptation to the stresses that occur alongside the process of senescence, or, perhaps 
more poetically, the life and death of the plant. I am responsible for all tables and figures 
except for Supplementary Table 2 and Figure 1B, which were contributed by Ragothaman 
Yennamalli and Ling Li.  Chapter 3 is the general conclusion, followed by an appendix 
which is a paper submitted to PNAS in which I contributed growing, harvesting, and 
analyzing transgenic maize expressing QQS for composition, followed by 
acknowledgements.  
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Abstract 
Plants have to deal with environmental insults as they cannot move to escape from 
stressful conditions.  To do so, they have evolved novel components that respond to the 
changing environments.  The Qua Quine Starch (QQS, At3g30720) gene is an 
Arabidopsis-specific orphan gene that connects primary metabolism and adaptation to 
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environment changes.   AT1G64360, which we term an SAQR (Senescence-Associated 
and QQS-Related) gene, responds to oxidative stress. Here, we show that SAQR is up-
regulated in high-starch QQS RNAi mutants.  Bioinformatics analyses indicates that 
SAQR is unique to six species within the family Brassicaceae; the gene may have arisen 
about 20 million years ago (MYA).  Meta-analysis of public microarray data, in 
combination with histochemical experiments using transgenic Arabidopsis SAQR 
promoter-GUS lines, indicate that SAQR’s expression is correlated with expression of 
genes involved in senescence, defense, and stress responses.  SAQR expression 
increases in leaf vasculature as tissues mature and senesce. SAQR expression is not 
increased in true leaves under experimentally-induced senescence of thirty day-old plants. 
However, SAQR expression increases in cotyledons of seven day-old seedlings in 
response to experimentally-induced senescence.  Furthermore, starch accumulation is 
increased in the leaves of transgenic SAQR-overexpression lines, and conversely starch 
levels are decreased in a SAQR T-DNA knockout line.  Levels of metabolites and 
transcripts involved in biotic and abiotic stress responses and chlorophyll metabolism are 
altered in these T-DNA knockout mutants. These data may imply changes to processes 
that occur in senescent leaves. SAQR may function in the QQS network, playing a role in 
its integration of primary metabolism and adaptation to internal and environmental 
changes, specifically those that affect the process of senescence.   
Keywords: SAQR, stress, senescence, Arabidopsis, QQS, starch, AT1G64360 
Background 
Plants have developed various mechanisms to modulate their internal processes, 
including metabolism, senescence, as well as responses to external stresses due to their 
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sessile life cycle.  They are constantly evolving new genes thought to enable adaptation to 
exposure to changing environmental conditions (Neme and Tautz, 2013; Arendsee et al., 
2014; Schlötterer, 2015). In recent years several clade-specific genes, including Qua 
Quine Starch (QQS, AT3G30720) (Li et al., 2009; Arendsee et al., 2014; Li and Wurtele, 
2015; Li et al., 2015b) and Constitutive Expresser Of PR Genes 5(CPR5) (Jing et al., 
2007), and others (Horan et al., 2008; Luhua et al., 2013) have been revealed as 
components of signaling networks that control stress responses to adapt to internal and 
environmental changes. Even in the model species Arabidopsis thaliana, many genes 
encoding proteins with unknown functions, still remain to be characterized (Gollery et al., 
2007; Jaroszewski et al., 2009; Berardini et al., 2015). Genes that encode proteins with no 
assigned functional motifs and completely unknown functions account for about 13% of 
the genome of Arabidopsis (Lamesch et al., 2012).  Many of these genes are species-
specific or clade-specific genes (Gollery et al., 2006; Neme and Tautz, 2013).  The 
majority of species-specific genes in A. thaliana likely originated de novo from non-genic 
material (Donoghue et al., 2011).   
The QQS gene of A. thaliana is a species-specific orphan gene that modulates 
carbon and nitrogen allocation (Li et al., 2009; Seo et al., 2011; Arendsee et al., 2014; Li 
and Wurtele, 2015; Li et al., 2015b).  Reducing QQS expression in A. thaliana results in a 
15-30% increase in leaf starch content and a 3-7% increase in protein (Li et al., 2009; Li 
and Wurtele, 2015), whereas QQS overexpression (OE) decreases starch by as much as 
23% and increases protein by 3% (Li and Wurtele, 2015). Neither mutation seems to 
confer a noticeable effect on plant morphology or development. QQS expression responds 
actively to abiotic and biotic stress conditions, indicating it may integrate A. thaliana 
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metabolism with responses to stress (Li et al., 2009; Seo et al., 2011; Arendsee et al., 
2014; Li and Wurtele, 2015).  
QQS RNAi knockdown mutants (A. thaliana ecotype Col-0) contain several 
unknown genes with altered transcript abundance (Li et al., 2015b). One such gene, 
AT1G64360 (we name it SAQR, Senescence-Associated and QQS Related) was initially 
identified as encoding a protein with no recognized motifs and stress-induced expression 
(Davletova et al., 2005; Luhua et al., 2008). Its transcript is one of several unknown 
transcripts that is up-regulated 2-fold or more in the genetic background of the ascorbate 
peroxidase knockout mutant apx1, which has an increased susceptibility to light-induced 
oxidative stress (Davletova et al., 2005).  A. thaliana lines that overexpressed SAQR 
showed increased resistance to lipid peroxidative stress but more susceptibility to salt 
stress.  Interestingly, the SAQR overexpression lines matured and flowered earlier under 
short day conditions compared to controls (Luhua et al., 2008). These altered stress 
responses of SAQR mutants and the potential relationship of SAQR to QQS, prompted 
our study of SAQR and its possible involvement in processes that mediate metabolism 
and plant responses to stressful conditions. 
Here, we use a combination of genomic, bioinformatic, transcriptomic, 
metabolomics, and molecular approaches to further characterize the function of the SAQR 
gene and its interactions in relation to senescence and stress responses in the plant.  We 
provide evidence that SAQR is up-regulated in senescing tissues, and suggest that this 
gene may also regulate starch accumulation.    
27 
 
 
 
Results and discussion 
SAQR is up-regulated in the QQS RNAi mutant 
The SAQR transcript is up-regulated by about 2-fold in QQS RNAi mutants 
compared to wild type plants (WT) (q value< 0.663, Li et al., 2015).  SAQR encodes an 85 
amino acid protein that has homologs in five other sequenced genomes. Each of these 
SAQR –containing species occur within a monophyletic clade in the family Brassicaceae: 
A. lyrata, A. halleri, Capsella rubella, C. grandiflora, and Boechera stricta (Mitchell-Olds et 
al., 2005; Windsor et al., 2006).   No SAQR homologs were detected in other eukaryotes 
or prokaryotes, including two well-characterized members of Brassicaceae (Yang et al., 
2013): Brassica rapa and Eutrema salsugineum. 
The six species that possess a SAQR homolog belong to a lineage of organisms 
that separated from the lineage containing the Brassica and Eutrema genera about 20 
MYA (Clauss and Koch, 2006; Domazet-Lošo et al., 2007; Arendsee et al., 2014).  The 
monophyletic group that contains these six species also includes the genera Turritis, 
Olimarabidopsis, Halimolobus, and Crucihimalaya (Figure 1A).  It is possible that some of 
these genera also contain a SAQR homolog, but full genomes of members of these 
genera were not publicly available as of September, 2015.    
To experimentally confirm the SAQR mRNA sequence, RACE and RT-PCR 
experiments were conducted using RNA from A. thaliana Col-0 rosette leaves at the 
beginning of the flowering stage.  The enriched mRNA covered the entirety of the SAQR 
CDS (Figure 1C, D).  The 5′ UTR is identical to that of the TAIR10-predicted model, 
including 58-bp nucleotides upstream of the reported translational start site. The 3′ 
untranslated region (UTR) just extends 577 bp downstream of the stop codon (29 bp 
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shorter than the TAIR10-predicted gene model). The SAQR homologs in Arabidopsis 
species and Bochera stricta have a similar gene structure: they are generally conserved in 
the 5′ UTR, CDS, and 3′ UTR. However, the translation of Capsella variants is predicted to 
start from an ATG in 5′ UTR upstream of the start codon in the other four species, which 
would result in an extra 38 aa in the N terminal.  All SAQR homologs have a single intron 
that is flanked on the 5’ end by a short upstream region of the 3′ UTR that follows 
immediately after the stop codon (Figure S1). 
SAQR promoter region upstream of the transcription start site (-715 to -58 bp) 
(Figure 1C) was evaluated for the presence of cis-acting motifs  
using the software Athena (O'Connor et al., 2005), Plant Care 
(http://bioinformatics.psb.ugent.be/webtools/plantcare/html/), and the Plant Promoter 
Database (Yamamoto and Obokata, 2008).  These analyses indicate that this 657-bp 
promoter region contains several cis-acting motifs: ten light-responsive/circadian-
associated regions, two binding sites for AGAMOUS-LIKE 15 (AGL15) - a regulatory 
protein that affects flowering and senescence (delays flowering and senescence when 
overexpressed (Fang and Fernandez, 2002)). The region also includes a Heat-shock 
Element (HSE) cis-motif that can induce heat shock response genes and also induce 
responses to other stresses such as oxidative stress (Storozhenko et al., 1998). Several 
other stress-associated motifs, including binding sites for dehydration-responsive element 
binding (DREB) proteins, are also present (Table S1). Thus, the promoter region of SAQR 
is replete with light responsive elements, and elements that regulate stress responses, 
and flowering time and senescence. These elements may contribute to the flowering 
phenotype and up-regulation under oxidative stress seen in (Davletova et al., 2005; Luhua 
et al., 2008).  
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Analysis of the protein sequence using the metadisordermd algorithm (Kozlowski 
and Bujnicki, 2012) suggests that the SAQR protein  has a largely disordered structure 
within two regions between amino acids 1-29 and 71-85,  a somewhat more ordered 
section within amino acids 43-57, with a global disorder tendency of 0.642 (Figure S2A). 
“Disordered” denotes that such proteins are lacking a fixed tertiary structure.  Interestingly, 
such disorder does not appear to be evolutionarily stable under random processes, and 
must be specifically selected for (Schaefer et al., 2010).  Secondary structure predictions 
using I-Tasser (Roy et al., 2010) indicate that SAQR is likely composed of 10% α-helix 
and up to 10% of β-strands, while a major part of the protein (78-91%)  is predicted in the 
loop region (Table S2).  A single helical region is predicted to be part of the protein 
structure (Figure 1B). 
The predicted SAQR protein has similar physical characteristics to a class of stress 
proteins called hydrophilins (López-Martínez et al., 2012),: a relatively small size (SAQR is 
85 aa), a glycine content greater than 6% (SAQR is 9.4%), a high hydrophilicity index 
(Figure S2B), a predicted structure dominated by coils, and large disordered regions.  
Some of the LATE EMBRYOGENESIS ABUNDANT (LEA) proteins are a type of 
hydrophilins that have been shown to directly confer resistance to osmotic stress and 
other abiotic stressors (Shinozaki et al., 2003; Battaglia et al., 2008).  LEAs are thought to 
change to an ordered conformation under desiccantion or cryodamaging conditions to 
stabilize enzymes (Eom et al., 1996; Reyes et al., 2005; Battaglia et al., 2008; Olvera-
Carrillo et al., 2011). In addition to the LEAs described above, a senescence-associated 
LEA, SAG21 (Senescence Associated Gene 21), also known as AtLEA5, has been 
described (Salleh et al., 2012).  SAG21 protein is localized in mitochondria, up-regulated 
under biotic and abiotic stresses;  when its expression was decreased in transgenic 
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antisense plants with reduced SAG21 expression, the plants flowered earlier under long 
day conditions (Salleh et al., 2012). 
Thus, the motifs in the promoter region of SAQR include ten motifs related light 
response and circadian signals, two motifs related to flowering and senescence and five 
motifs related to stress response.  A number of physical characteristics of the SAQR 
protein are reminiscent of stress responsive hydrophilins, which can change conformation 
to reduce damage to cellular structures under stress conditions.  These findings led us to 
evaluate the expression patterns of the SAQR gene.    
SAQR transcript accumulation profile is correlated with senescence 
We used MetaOmGraph (http://www.metnetdb.org/MetNet_MetaOmGraph.htm) to 
examine SAQR mRNA accumulation under different conditions and experiments in a 
public microarray dataset of Affymetrix ATH1 arrays (Li et al., 2007; Mentzen and Wurtele, 
2008; Li et al., 2009). SAQR transcript has very low accumulation in the roots, developing 
fruits, young seedlings prior to the development of mature leaves, or seeds.  Expression is 
moderate within the hypocotyl, and developing plant rosette before flowering.  The highest 
expression occurs within fully expanded leaves, the base of mature inflorescence, 
senescing leaves, cauline leaves, leaf pieces enriched with guard cells, in a myb29 
knockout background, when exposed to drought stress, and in several hormone mutants 
such as abscisic acid (ABA) knockout mutants abi1 and aba1 (ABA deficient and 
insensitive mutations, respectively) and in knockout mutants in the ethylene (ein2, an 
ethylene insensitive mutant (Oh et al., 1997)) and jasmonate (coi1, a jasmonate 
insensitive mutant (He et al., 2002)) pathways. 
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In Arabidopsis, individual leaves undergo separate processes of mitotic growth, 
expansion, senescence, and then complete cell death (Lim et al., 2007).  Interestingly, 
unlike many other species, these processes are not greatly influenced by the reproductive 
status of the plant in Arabidopsis (Noodén and Penney, 2001).  Therefore, in the growing 
plants, the leaves are at varying stages along the maturity/senescence program. A subset 
of microarray data (Schmid et al., 2005) revealed a likely connection of SAQR expression 
to the process of senescence within the tissues of the individual leaf.  Figure 2B displays a 
SAQR expression gradient within leaves at different stages of development, with lowest 
expression in the youngest leaves and highest expression in the oldest leaves. Microarray 
data from the same experiment also shows tissue specific expression of SAQR in the 
distal (and oldest) sections of the leaves of a moderately mature leaf, compared to the 
stem or proximal sections (Figure 2B).   
We used the correlation function in MetaOmGraph to identify genes that are co-
expressed with SAQR across different tissues and conditions in our dataset.  This co-
expression analysis (Liang et al., 2014) could reveal information about the function of 
SAQR. We chose to use Spearman’s correlation to avoid the major shortcoming of 
Pearson’s correlation—sensitivity to outliers (Mukaka, 2012).    As shown in Table 1 and 
Table S3, one hundred and thirty three genes have a correlation coefficient greater than or 
equal to 0.7 with SAQR. According to sets of co-expressed genes, or regulons, as defined 
in (Mentzen and Wurtele, 2008), twenty-eight of these genes are involved in defense 
response, twenty-four in photosynthesis, ten in signaling/disease resistance, and twelve in 
the vasculature system.  There are also a number of genes that are grouped with other 
less represented or unspecified regulons.  These tables also show one hundred and thirty 
four genes has a negative correlation coefficient less than or equal to -0.6 with SAQR (the 
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minimum was -0.74).  Over a third of these negatively correlated genes are involved in 
mitosis, fourteen genes are involved in tricellular/mature pollen, and three are involved in 
root preferential membrane transport.   
Senescence-associated genes have been shown in previous studies to be 
differentially expressed when senescence occurs naturally or is induced by darkness (Van 
der Graaff et al., 2006).  Of the genes positively correlated with SAQR, 40% are up-
regulated under natural senescence; however, very few are up-regulated in induced 
senescence or down-regulated in any senescence (Table S4). This indicates a 
relationship may exist between SAQR co-expressed genes and plant natural senescence.  
We used MetNet to identify over-represented pathways among the individual genes 
that were positively and negatively correlated with SAQR expression across multiple 
conditions (dataset from Mentzen and Wurtele, 2008) (Table S5).  MetNet is an online 
suite of software for the analysis of genome-wide transcriptomic, proteomic, and 
metabolomics data (Sucaet et al., 2012; Li et al., 2015a; Li and Wurtele, 2015).  
Photosynthesis-related pathways (oxygenic photosynthesis, photosynthesis light 
reactions, photorespiration, the Calvin cycle, and chlorophyll a degradation pathways, are 
over-represented among the 1,250 genes (Spearman correlation coefficient greater than 
or equal to 0.5).  Other over-represented pathways are jasmonate signaling, sucrose and 
glycine synthesis, and pathways involved in the synthesis of several defensive 
compounds such as camalexin.  These categories of over-represented pathways have 
overlap with the genes that are co-expressed in SAQR OE and KO mutants (Table 1), in 
which photosynthesis and defense regulons are well represented.  The pathways over-
represented among the 596 SAQR-negatively correlated genes include several glycolysis 
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pathways, gluconeogenesis, auxin degradation, isoleucine degradation, and the 
mevalonate pathway (Table S5).    
Many of the over-represented pathways among these SAQR-coexpressed genes 
are related to senescence, further implying that SAQR function is associated with 
senescence. In addition to the changes to major metabolite biosynthesis and 
photosynthetic pathways which are significant processes related to senescence 
(Buchanan‐Wollaston et al., 2003; Lim et al., 2007), the hormone signaling pathways 
represented play important roles in senescence.  Specifically, jasmonate is involved in 
regulating senescence as well as pathogen stress and can induce senescence when 
plants are treated with jasmonate (He et al., 2002; Devoto and Turner, 2003).  The 
jasmonate signaling mutant coi1 (in which SAQR transcript is increased; see Figure 2), 
shows delayed leaf senescence (Buchanan-Wollaston et al., 2005).  The auxin pathway 
(over-represented among genes negatively correlated to SAQR) in particular is also 
involved in controlling senescence as it is indicated that it may delay senescence (Mueller-
Roeber and Balazadeh, 2014). This analysis further indicates that SAQR and its co-
expressed genes are related to senescence.  
As shown in Figure 2, there is direct evidence that SAQR is senescence-
associated: SAQR is highly expressed in individual leaves transitioning from expansion to 
senescence, but not in the root tissue or newly formed leaf tissue.  Indirect evidence for its 
association with senescent and mature tissue can be observed from the large number of 
mitotic genes negatively correlated with SAQR in Table 1; this negative correlation with 
mitotic genes would be expected of a gene expressed in mature tissue, as cell division is 
curtailed in the later stages of the life cycle of Arabidopsis leaves (Gonzalez et al., 2012).  
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The increased accumulation of SAQR transcript in the older tissue within the leaf suggests 
a connection of the SAQR expression to the maturity of tissue.  SAQR is correlated with 
several photosynthetic genes, but the pathway analysis indicates that these may be 
degradation genes as both chlorophyll a degradation I and II are also over-represented. 
The increased transcript profile in several senescence-related hormone knockout mutants 
of jasmonate, ethylene, and ABA implies that SAQR may be negatively regulated with the 
signaling of these hormones.  SAQR expression is high in the guard cells, but is 
decreased under ABA treatment (Leonhardt et al., 2004).  It is expressed highly in relation 
to the plant vasculature (the major tissue-specific regulon represented).   
SAQR is expressed in maturing and senescent leaves and tissues  
We fused the SAQR promoter into a construct containing the GUS tag and 
introduced the construct into the Arabidopsis Col-0 background (Figure 1C) to study the 
spatial and temporal localization of SAQR.  SAQR expression in seedlings grown in soil 
was not readily apparent until the emergence of the first true leaves.  SAQR expression 
was seen primarily in the more mature (closer to full senescence) leaves and cotyledons 
along all stages of the plant’s growth but not in young plants (Figure 3A).   The SAQR 
expression was detected in the vasculature of the leaf, leaf tips and hydathodes (Figure 
3A), which is consistent with the above analysis of the microarray data.  The senescence 
program in the leaf involves the transportation of materials out of the senescent leaf 
through the vasculature (Liu et al., 2008); the expression of SAQR in the vasculature 
might indicate an association with this process.  No SAQR expression was observed in 
young tissues.  As our microarray study suggested that SAQR was up-regulated in fully 
senescent leaves, we checked the plants until 56 days after the plants were stratified and 
imbibed with water (DAI) at the strongly senescent stage of the Arabidopsis lifecycle.  
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SAQR expression occurs in most green tissues at this stage, expressing strongly as the 
tissue senesced, and reducing as senescence completed. The expression does not 
localize to fully decayed tissue.  SAQR expression localizes progressively from the distal 
to proximal portions of the leaf as these sections reach final decay (Figure 3B).  SAQR 
expression in the aging cauline leaves, flowers, and siliques was also observed at this 
stage (Figure 3C).  
Senescence is a tightly controlled cellular signaling program that is regulated by a 
wide variety of factors, including internal hormones, darkness, nutrient limitation, and 
damage by pathogens or environmental stresses (Noodén et al., 1997; Lim et al., 2007).  
Events during senescence include a reduction of anabolic processes like photosynthesis 
and metabolite synthesis (Buchanan‐Wollaston et al., 2003), and controlled degradation of 
tissue components for recycling to the rest of the plant through the phloem (Thompson et 
al., 1998; Liu et al., 2008).  All of these events together lead to complete degeneration and 
eventual death of the tissue.   
Arabidopsis leaves grow mitotically and reach peak photosynthesis until about 
twelve days after emergence, at which point photosynthetic activity declines; visible signs 
of leaf senescence begin at about eighteen to twenty days (Lim et al., 2007; Woo et al., 
2013).  Taken together, the GUS expression analysis indicates that after the mitotic 
growth of the leaf and photosynthetic capacity have peaked, but prior to the visible 
senescence, SAQR expression increases largely within the vasculature and continues in 
intensity as senescence continues until final leaf tissue decay.  
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SAQR is induced under specific senescence conditions  
Plant senescence eventually leads to the death of the organ or tissues involved; 
however, the process is designed to mitigate damage long enough for required resources 
to be removed from senescing tissue (Lim et al., 2007; Woo et al., 2013).  It has been 
proposed that this controlled senescence evolved to secure maximal nutrient efficiency 
under limiting and/or stressful conditions (Leopold, 1961; Masclaux-Daubresse et al., 
2008). For example, it has been proposed that leaves lose their green color as one of the 
early signs of senescence  to detoxify the potentially phototoxic free chlorophyll that must 
be released as a prerequisite for the breakdown of nitrogen-rich photosystem I and II 
complexes (Hörtensteiner and Kräutler, 2011). Increases in photorepriation within the 
mitochondria and peroxisome coupled with decreases in availability of antioxidant proteins 
causes large and damaging spikes in the levels of reactive oxygen species (ROS) 
(Zimmermann et al., 2006; Procházková and Wilhelmová, 2007); this damage is partially 
mitigated by other changes that occur during senescence, such as the accumulation of 
lipoprotein particles (plastoglobuli), which synthesize and accumulate tocopherols and 
other antioxidant components (Austin et al., 2006; Piller et al., 2014).   
Given that a variety of stresses can induce senescence (and have a negative effect 
on yields in crop plants) (Gregersen et al., 2013), it is not surprising that many 
senescence-associated genes (SAGs) are transcriptionally up-regulated during exposure 
to stress (Li and Guo, 2014).  Many of these SAGs are also considered stress responsive, 
stress protective, and/or participate in stress-related hormone metabolism and action; 
notable percentages of senescence-associated genes have no known function 
(Buchanan-Wollaston et al., 2005; Van der Graaff et al., 2006; Breeze et al., 2011).  
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Approximately 2900 genes are regulated differently in natural senescence 
compared to salt stress, including the senescence-promoting genes in the jasmonate, 
ethylene, and salicylic acid metabolic pathways, and SAQR itself (Van der Graaff et al., 
2006; Breeze et al., 2011; Allu et al., 2014). To investigate under what conditions 
senescence would increase SAQR expression and to identify the spatial pattern of 
expression we examined patterns of SAQR-promoter-driven GUS expression under 
induced senescence.  Because methods of inducing senescence have the potential to 
activate genes in a different pattern than naturally-occurring senescence (Van der Graaff 
et al., 2006), ) we used three diverse methods to induce senescence: young seedlings 
were placed in darkness for five days and then exposed to constant light for three days 
(WPD) (Weaver and Amasino, 2001); fully expanded true leaves attached to the plant 
were covered for three days (DIS); leaves were detached and floated in water in the dark 
for three days (DET) (Van der Graaff et al., 2006).  WPD can cause cotyledons to senesce 
prematurely and cause true leaves to mature and senesce more slowly (Weaver and 
Amasino, 2001).  DIS and DET both induce senescence in mature leaves, but each 
express a different array of genes compared to natural senescence (Van der Graaff et al., 
2006). Under WPD we observed a general increase of SAQR expression in cotyledons 
but a reduction of SAQR expression in the true leaves compared to untreated controls 
(Figure 4A).  SAQR expression did not increase after either DIS or DET treatments (data 
not shown).  This result extends the conclusion from (Van der Graaff et al., 2006) that 
SAQR is not up-regulated by dark-induced senescence in true leaves (Table S4).   
It is unclear why SAQR is up-regulated during natural senescence in the cotyledons 
and true leaves, but in WPD-induced senescence, SAQR expression is induced only in 
the cotyledons, and is repressed in the true leaves.   This is evidenced by both the GUS 
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expression (Figure 3 & 4A) and the analysis of the correlation of SAG genes to SAQR 
(Table S4), but it is unclear as to why this would be the case.  Cotyledon senescence is 
less understood than leaf senescence, and the processes have key differences (Du et al., 
2014).  Cotyledon senescence is induced by different signals than that of true leaves; it 
has been suggested that these differences are due to the cotyledon’s early function as a 
storage organ (Weaver and Amasino, 2001).  Some sets of genes are differentially 
expressed in cotyledons compared to true leaves; for example, many of the genes specific 
to or differentially expressed in soybean cotyledons are involved in early mobilization of 
nutrients, indicating a rapid transfer of resources to the seedling (Brown and Hudson, 
2015). This mimics the nutrient transfer process that occurs under later leaf senescence 
(Diaz et al., 2008).  In fact, when plant are treated by WPD, naturally-senescing true 
leaves that are already undergoing transfer of nutrients to the rest of the plant exhibit less 
delay in senescence compared to younger leaves (Weaver and Amasino, 2001).  The 
increase of SAQR expression in cotyledons under WPD treatment also reflects a 
difference between cotyledons and early true leaves.  
We also tested the effect of a number of different stresses-high salt exposure, 
oxidative stress, and drought - on SAQR expression, and observed quite different 
responses.  Seedlings plants treated with sodium chloride (NaCl) show reduced SAQR 
expression even though the plants are visibly damaged by the treatment; while seedlings 
dried to wilting (Figure 4A) or those treated with hydrogen peroxide showed increased 
expression in the leaf, cotyledon and hypocotyl (Figure 4B).  SAQR also responds to 
different senescence-associated hormones.  Seedlings treated with cytokinin predictably 
were greener and showed reduced expression.   Plants treated with methyl jasmonate 
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also decreased expression, while ethylene treatment increases senescence of the plant 
tissue noticeable more than the control and resulted in increased expression (Figure 4B). 
These results imply that SAQR is a senescence-associated gene that responds to 
specific, possibly internal, developmental signals.  The pattern of SAQR expression from 
germination to maturity implies that SAQR is up-regulated under natural senescence of 
cotyledons and true leaves.  
Phenotypic characterization of SAQR T-DNA knock-out and transgenic 
overexpression lines  
To help to understand the function of SAQR in Arabidopsis, we obtained the 
Arabidopsis Biological Resource Center (ABRC) T-DNA line SALK_052233C seeds 
containing a T-DNA insertion in the SAQR gene sequence (KO), and generated 
overexpression (OE) lines driven by 35S promoter (Figure 1B). The KO plants were 
verified for curtailed SAQR expression by semi-quantitative RT-PCR (Figure 1D). When 
grown under constant light or under long day conditions the KO and OE lines appear 
phenotypically similar to Col-0 control plants (Figure 6A).  Using these SAQR-OE lines, we 
verified the early flowering phenotype of plants grown under short day conditions 
described by (Luhua et al., 2008). SAQR-KO plants did not show any difference in 
flowering time under short day conditions (Figure 5).   
Because alteration of QQS changes starch biosynthesis and accumulation, and 
SAQR is up-regulated in QQS RNAi lines, we proposed that SAQR might act downstream 
of QQS and have a similar effect. Therefore, we evaluated leaf starch in mutants with 
altered accumulation of SAQR.  Leaf starch content is decreased about 13% in the SAQR-
KO lines and increased about 20-35% in the SAQR-OE lines (Figure 6B, C) at the end of 
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light under LD conditions (16 hr of light and 8 hr of dark), compared to WT controls. Thus, 
permutations in SAQR expression impact starch metabolism.  
The maltose excess 1 (mex1) mutant is the null mutant of a chloroplastic maltose 
transporter; this mutant accumulates excess maltose and starch in the chloroplasts and 
increases chloroplast degradation (Stettler et al., 2009).  Analysis of the transcriptomic 
data from Stettler et al., (2009) shows the relative expression level of SAQR in mex1 
leaves compared to WT leaves differs depending on the leaf age: in young leaves, the 
SAQR transcript is increased 3.25 fold, while in mature leaves the transcript is not 
significantly altered.  Young leaves of mex1 plants could be a result of either the increased 
sugar levels or chloroplast degradation present in mex1 (Stettler et al., 2009), and it is 
possible that SAQR regulation is associated with one of these factors.  If this is the case, it 
could explain the paucity of SAQR expression in mature leaves of mex1 plants. Increased 
sugar levels and chloroplast degradation are associated with mature/senescing leaves 
(Avila-Ospina et al., 2014). SAQR seems to be associated with changes in carbohydrate 
accumulation while also being regulated indirectly or directly by carbohydrate levels under 
specific conditions. 
To observe the regulatory cascades associated with SAQR, we conducted RNA 
sequencing analysis of rosette leaves of SAQR-KO line, together with WT controls, at the 
end of light under LD conditions.  Overall, 146 genes had significantly different expression 
compared to WT controls when significance was defined as a P value set at 0.01 (Table 
S6). Several transcription factors belonging to families involved in senescence and stress 
pathways are represented including two BHLH proteins, two MYB proteins, a BZIP factor, 
a heat shock factor, and AGL16 (Table S6).  Two genes were specifically highly up-
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regulated with the false discovery rate controlled at the 0.13 level. A gene encoding an 
unknown disease-responsive protein (AT1G22900) was up-regulated 7-fold in the mutant. 
This protein is annotated as “dirigent” which implies an element that controls 
conformational chemistry (Burlat et al., 2001). This gene naturally is expressed in the 
leaves at a low level. Its expression is increased when treated with Pseudomonas 
syringae (Schmid et al., 2005).  It is possible that both SAQR and AT1G22900 may be 
involved in stress response and AT1G22900 may be regulated by SAQR. 
Another gene in this dataset, ELIP1 (AT3G22840), is decreased 3.57 fold in the 
SAQR-KO. ELIP1 is a member of the chlorophyll binding protein family and controls free 
chlorophyll levels (Casazza et al., 2005).  There is some evidence that ELIP1 may have 
an unclear role in UV and photosensitive stress, up-regulated very quickly by light, and up-
regulated under a variety of stresses including Pseudomonas syringae infection (Hutin et 
al., 2003; Rossini et al., 2006; Hruz et al., 2008).  It is expressed highly in young and 
green plants. Despite being a chlorophyll binding protein, it is also highly expressed in 
seeds and flowers.  
We analyzed metabolomics data of SAQR-KO mutant seedling shoots (MetNetDB 
Plant/Eukaryotic and Microbial Systems Resource, http://metnetdb.org/PMR/) to discover 
whether decreased expression of SAQR alters the metabolome of Arabidopsis.  Seventy-
eight of the 803 metabolites detected have altered accumulation in SAQR-KO (p-value < 
0.05) (Table S7). Fifty-three of these have increased accumulation.  These metabolites 
include sixteen glucosinolate compounds, which show some of the highest increases (2- 
to 170-fold increases relative to WT seedlings).  Glucosinolates are secondary plant 
metabolites whose synthesis is regulated by several defense hormones and is required for 
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callose formation as part of plant innate immune responses (Clay et al., 2009). Another 
metabolite group that is notably increased are very long chain diacylglycerides, signaling 
lipids that are also integral to the synthesis of membrane lipids that make up portions of 
the light harvesting complex and up to 30% of the thykaloid membrane and the 
plastoglobules that form from them during senescence (Austin et al., 2006; Awai et al., 
2007). Twenty-five of the altered metabolites have decreased accumulation in the KO 
mutants with the p-value set at 0.05.  The highest decrease is seen in phytol, the long 
carbon chain component of chlorophyll (van den Brink and Wanders, 2006).  Free alpha 
tocopherol is also significantly decreased which is also a compound that is integral during 
senescence and also accumulates in the plastoglobuli (Piller et al., 2014). Certain lipids 
such as linoleic acid and metabolites involved in flavonoid/anthocyanin biosynthesis and 
chlorophyll degradation are also reduced.  Overall, these changes would appear to reflect 
subtle changes in the metabolic processes and structures that arise under senescence in 
the SAQR-KO.  
While alterations in the expression of SAQR have impacts in the flowering time (OE 
mutants), stress response and starch metabolism, they do not appear to cause a notable 
difference in the rate or severity of leaf senescence, at least by visual morphological 
analysis (data not shown).  This is slightly surprising but not entirely unexpected.  
Senescence associated genes, that is, genes up-regulated under senescence, comprise 
many types of genes: transcription factors, catabolic enzymes like proteases, kinases, 
hormone signaling genes and others, many of which may not affect senescence with 
altered expression.  In fact, in the homozygous sag12-2, a knockout mutant of SAG12, a 
protease that is one of the most well-studied senescence associated genes, senescence 
is not affected (Otegui et al., 2005).   
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Conclusions 
SAQR responds to oxidative stress and high-starch mutants display increased 
SAQR expression (Li et al., 2009; Stettler et al., 2009; Li et al., 2015b). In this study, we 
present SAQR as a component of interconnected networks integrating stress signaling, 
metabolism, and senescence. SAQR is a clade-specific gene present in six closely related 
Brassicaceae species.  One role of such orphan genes and other clade-specific genes is 
thought to be the adaptation of plants to the stresses of their lifecycles (Luhua et al., 2013; 
Arendsee et al., 2014).  QQS is an orphan gene that has been shown to integrate 
metabolism and environmental stresses and plays a role in starch and protein 
accumulation (Li et al., 2009; Li and Wurtele, 2015). SAQR is up-regulated in QQS RNAi 
mutant lines as well as under conditions of natural senescence. It is co-expressed with 
genes involved in senescence, defense, and stress response.   Direct alterations in the 
expression of SAQR result in comparable changes in starch accumulation, but do not alter 
QQS expression. SAQR expression is mostly confined to the vasculature. Taken together, 
these results indicate that SAQR may have participate in the QQS network, and imply a 
complex role in the interplay between primary metabolism and adaptation to the stresses 
that occur alongside the process of senescence.  
Materials and Methods 
Plant materials, growth and transformation 
Constructs of SAQR promoter::GFP/GUS and 35S::SAQR CDS were generated 
using the Gateway system (Life Technologies) as previously described (Li et al., 2007; Li 
and Wurtele, 2015).  T-DNA KO (SALK_052233C) line was ordered from the Arabidopsis 
Biological Resource Center (ABRC, https://abrc.osu.edu/).  Semi-quantitative PCR of 
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SALK_052233C cDNA confirmed a lack of SAQR expression in this line. We also ordered 
a second putative SAQR T-DNA line, SALK_063861, from ABRC, but were unable to 
confirm the insertion in the genome.  
Transgenic Arabidopsis thaliana plants (ecotype Columbia-0) were generated using 
the floral dipping method (Clough and Bent, 1998) and selected with glufosinate.  Plants 
were grown in Sun Gro Sunshine LC1 soil mix in 3 in. sq. pots in flats in a growth room at 
22 °C under constant fluorescent white light, of approximately 130 μmol m−2 s−1 for most 
experiments.  Similar conditions but using an 8 hour day/16 hour night cycle was used for 
the short-day flowering experiment. For starch content experiments, plants were 
germinated on 0.5X Murashige and Skoog medium plates supplemented with 2% sucrose, 
transferred to soil pots and grown in a plant growth chamber at 22 °C under fluorescent 
white light of approximately 130 μmol m−2 s−1 using a 16 hour day/8 hour night long-day 
(LD) cycle.  
5′ and 3′ RACE 
Rapid amplification of cDNA ends (RACE) experiments were performed to define 
the 5′ and 3′ UTRs of the SAQR gene as previously described (Li et al., 2009). The 
primers used were: 5′-CGACTGGAGCACGAGGACACTGA-3′ and 5′- 
GAAACGAAGACATGCAGGCTC -3′ for the 5′ UTR product, 5′-
ACCAAGGCAATACATTTTACCTAA-3′ and 5′-GCTGTCAACGATACGCTACGTAACG-3′ 
for the 3′ product. 
Bioinformatics analysis  
MetaOmGraph was used to analyze the transcriptomic expression pattern of SAQR 
using the normalized experimental data and metadata (metadata includes gene, 
experiment and sample annotations) from 70 experiments comprising 956 Affymetrix 
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ATH1 microarray slides (Li et al., 2007; Mentzen and Wurtele, 2008). MetaOmGraph is 
available online (http://www.metnetdb.org/MetNet_MetaOmGraph.htm).   
Cis-acting motifs present within the SAQR promoter region upstream of the 
transcription start site were analyzed using Athena (O'Connor et al., 2005), Plant Care 
(http://bioinformatics.psb.ugent.be/webtools/plantcare/html/), and the Plant Promoter 
Database (Yamamoto and Obokata, 2008). 
Histochemistry 
Twelve independent SAQR promoter-GUS lines were screened by GUS staining. 
At least five transgenic plants from each of at least three representative independent 
SAQR promoter-GUS lines were harvested at separate stages of development and from 
the induction experiments.  The plants were stained according to a protocol modified from 
(Li et al., 2007). Staining patterns were observed using a Zeiss Axio Zoom microscope at 
the Iowa State Microscopy and NanoImaging Facility (Iowa State University, Ames, IA, 
USA).   
Molecular and biochemical methods 
Starch content was analyzed qualitatively by staining plants just before flowering 
with I2/KI as previously described (Li et al., 2009), and  quantified using an 
amyloglucosidase/α-amylase  and GOPOD (Megazyme) protocol (Li et al., 2009).  
Experiments were done with three replicates of two independent T2 SAQR OE lines, 
SALK_052233C, and WT plants, with five plants from individual lines comprising each 
replicate.  This experiment was repeated twice. 
Plants were treated by three different darkness methods to induce senescence.  
For whole seedlings, plants were grown for one week, and then covered for five days and 
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exposed to light for four days (WPD). Controls were kept under constant light under the 
same conditions (protocol adapted from (Weaver and Amasino, 2001).  For attached 
leaves fully expanded true leaves attached to the plant were carefully covered with 
aluminum foil for three days (DIS).  For detached leaves, fully expanded true leaves were 
detached from the plant and floated on water in a petri dish covered with aluminum foil for 
three days (DET). Leaves at similar positions on untreated plants were used as controls. 
Leaf protocols adapted from (Van der Graaff et al., 2006).   
For the stress expression experiments, twelve DAI seedlings were excised into 
water and either untreated or treated with 1µm kinetin (cytokinin), 500 µm hydrogen 
peroxide (oxidation), 10 µm methyl jasmonate (jasmonate), or 50 µm 1-
aminocyclopropane-1-carboxylic acid (ACC; ethylene) for four days.  For salt treatments, 
flats of twelve DAI plants in pots were allowed to dry till they were slightly light in weight 
and then watered with either filtered water or water containing 200 mM NaCl and 
observed after four days.   Drought was tested by allowing seedlings to go unwatered for 
fifteen days until wilted. 
RNA-Seq 
The SALK_052233C KO line and WT plants were grown and harvested at 20 days 
after planting at the end of light period under long day conditions as previously described 
(Li et al., 2009). Independent randomizations for plant growth and harvest were used for 
each of two biological replicates. The RNAs were extracted and purified as previously 
described (Li et al., 2015b). The 200-bp short-insert library and the transcriptome 
sequencing were conducted at BGI Americas (bgi-international.com/us) as described 
before (Li et al., 2015b). The cleaned reads were aligned, mapped reads were counted, 
and genes were tested for differential expression to compare SALK_052233C KO line and 
47 
 
 
 
WT that P value and q values were generated as previously described (Li et al., 2015b). 
Significance was taken as P< 0.01. 
Metabolomics 
Metabolomics data was from the Plant/Eukaryotic and Microbial Metabolomics 
Systems Resource (PMR) Experiment At2010-KO9; multiple contributors and extraction 
methods were used (Hur et al., 2013). Details of each procedure, the experimental data, 
and the metadata are available at (http://www.metnetdb.org/pmr). 
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Figures and tables 
 
Figure 1. Phylogeny & model of SAQR gene and predicted protein. 
A: SAQR has homologs in a specific monophyletic group within family Brassicaceae. Blue 
font, genomes containing an SAQR homolog.  Three genra contain a SAQR homolog; 
Arabidopsis, Capsella, and Boechera. Green lines, monophyletic group containing species 
with an SAQR homolog.  Underlined, species with sequenced genome. Simplified tree 
structure adapted from  
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Figure 1, continued 
 
(Koch and Kiefer, 2005; Clauss and Koch, 2006; Schranz et al., 2006; Windsor et al., 
2006).  Blast searches of the entire NCBI database showed no other recognizable SAQR 
homologs.   
B: Five structure models predicted using I-TASSER for the SAQR protein. Modeled 
proteins are shown in cartoon representation where helices are colored red, sheets 
yellow, and loops green; image made using PyMol (DeLano and Bromberg, 2002). C: 
SAQR gene model, as determined by 5′ and 3′ RACE.  Black boxes, 5′ and 3′ UTR; grey 
box, coding region; black line, intron; grey line, non-transcribed region.  SAQR transgenic 
constructs are pictured in relation to the gene model.  Dark grey boxes, region of SAQR 
used in each construct. The BAR, 35S, and GUS/GFP reporter sections are not to scale.  
Nucleotide positions are in relation to the ATG start codon of SAQR. 
D: Semi-quantititaive RT-PCR of SAQR in wild type, SAQR-KO, and SAQR 
overexpressing genotypes.  The approximately 300bp fragment spans from the beginning 
of the CDS to a section of the 3’ UTR.  PCR using tubulin primers was used to control 
loading.   
50 
 
 
 
 
Figure 2. Accumulation of SAQR mRNA. 
Each point on the x-axis represents the relative expression of SAQR in a publicly available 
mRNA transcriptome profiling data set (from 956 Affymetrix ATH1 chips) for a given 
experimental condition (Li et al., 2007; Mentzen and Wurtele, 2008). The y axis represents 
the normalized expression level for selected genes (average expression level = 100, as 
indicated by the black arrow).  The data were visualized using MetaOmGraph software 
(http://www.metnetdb.org).  
A: SAQR (AT1G64360) expression in different tissues and genetic permutations.  SAQR 
has low expression in seeds, roots and young tissues (seedlings, shoot system), 
moderate expression in hypocotyl and leaf rosette before flowering, and highest 
expression in the most mature tissues.  
B: SAQR expression increases as the leaf tissue ages.  Figure 2B represents data within 
the black square in Figure 2A.  Transcriptomic profiling data represents expression levels 
taken from the corresponding leaf number #2-#12 at the same stage (17 DAI) of growth 
within the same developmental experiment (Schmid et al., 2005). The lower numbered 
leaves are older.  7P, 7D, and 7Pt, the proximal, distal halves, and the petiole of leaf #7 at 
17 DAI.  The distal half of the leaf contains the oldest tissue.  CL, cauline leaf (<21 DAI 
plant); SL senescent rosette leaves (<21 DAI plant); IN1/2, internode 1 & 2.   
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Figure 3, continued  
 
 
Figure 3. Spatial and temporal expression of SAQR.  
A: SAQR expression in whole plant, cotyledon, first true leaf, and untreated whole plants 
at 4 DAI, 10 DAI, 17 DAI, 30 DAI, 45 DAI.  B: Figures indicate SAQR expression in whole 
plant, 2nd leaf, 7th leaf, and untreated whole plant at 56 DAI.  C: Cauline leaf at 45 DAI, 
and 56 DAI, inflorescence, flower, and silique, stigma, and receptacle at 5 DAF (a-c) and 
12 DAI (d-f). SAQR expression increases in the leaf and cotyledon immediately prior to 
the onset of senescence and continues to increase during senescence; expression starts 
at the tips of the leaves, is strongest in the vasculature as senescence progresses, and 
ends in the petiole.  No expression was detected in the root at any stage of development. 
Expression can also be seen in the flower clusters and silique tissue as the tissue 
matures. Flowering stems were excised just before treatment. White bar, 200 μm; Red bar 
500 μm; Black bar, 1000 μm; Blue bar, 2000 μm; Green bar, 5 mm. 
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Figure 4. SAQR expression is altered by diverse conditions. 
A: Cotyledon and true leaf of  seedlings treated  at seven DAI with whole-seedling 
darkness for five days and exposed to light for three days (WPD) (Weaver and Amasino, 
2001), seedlings grown in soil for fifteen days in unwatered pots (drought), and twelve DAI 
seedlings treated for four days with 200mM sodium chloride (salt).  Expression increases 
in cotyledon in dark treatment, increases in drought treatment and decreases in salt 
treatment. 
B: Twelve DAI seedlings grown in soil and removed into either water or water treated with 
1µm kinetin (cytokinin), 500 µm hydrogen peroxide (oxidation), 10 µm methyl jasmonate 
(jasmonate), or 50 µm 1-aminocyclopropane-1-carboxylic acid (ACC; ethylene) for four 
days under constant light 
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Figure 5.   SAQR overexpression (OE) plants and knockout (KO) plants grown under 
short day conditions. 
OE lines have fewer leaves upon flowering.   Plants were grown under 8hr day/16hr night 
conditions.  Bars represent mean ± SE of rosette leaf count of four to six biological 
replicate plants after flowering.  * represents Student’s t test, P < 0.005.        
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Figure 6, continued 
 
Figure 6. Starch content of SAQR knockout (KO) and overexpression (OE) lines 
A: KO and OE lines look similar to wild type controls. B: Starch staining shows increased 
starch in SAQR-OE lines and decreased starch in SAQR-KO compared with WT.  C: 
Starch levels during a long day light cycle.  Data points are the mean ± SE of three 
biological replicates, with five plants per replicate.  *represents Student’s t test, P < 0.05, 
less than WT.  **represents Student’s t test, P < 0.01, greater than WT.   
 
 
 
 
Supplementary Figure S1. SAQR homologs are present in Arabidopsis lyrata, 
Arabidopsis halleri, Capsella rubella, Capsella grandiflora, and Bochera stricta. 
Genome sequences and gene models of the six SAQR homologs downloaded from 
Phytozome 10.2 (http://phytozome.jgi.doe.gov/pz/portal.html)  SAQR homologs are 
conserved within their 5′ UTR and CDS regions and share a similar intron structure.  
Genome sequences aligned using Kalign (http://www.ebi.ac.uk/Tools/msa/kalign/). 
 
(Supplemental file available online at ProQuest) 
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Supplementary Figure S2. Predictive analysis of the SAQR protein structure.  
A: Predicted disorder of the SAQR protein sequence using MetaDisorderMD2 (Kozlowski 
and Bujnicki, 2012) (http://genesilico.pl/metadisorder/).  Global disorder tendency for 
whole sequence is 0.642.  All residues with a disorder probability over 0.5 are considered 
as disordered. B: Five structure models predicted using I-TASSER for SAQR protein. 
Modeled proteins are shown in cartoon representation where helices are colored red, 
sheets yellow, and loops green; image made using PyMol (DeLano and Bromberg, 2002). 
C: Prediction of hydrophilicity used Protscale software (http://web.expasy.org/protscale/) 
indicates SAQR is largely hydrophilic. Hydrophilicity scale was adapted from (Kyte and 
Doolittle, 1982), hydrophilicity increases as the scale goes down. 
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Table 1. Regulons overrepresented among genes positively and negatively 
correlated with the SAQR accumulation pattern.   
Genes are classified by regulon definitions taken from (Mentzen and Wurtele, 2008). One-
hundred and thirty-three genes with a positive correlation coefficient of 0.7 or greater, and 
one hundred and thirty four genes with a negative correlation coefficient of -0.6 or less are 
illustrated. Overrepresented relationships are significant with a P-value < 0.001 (a) and 
<0.05 (b).  P-values were calculated within R, using the Fisher’s Exact Test. 
 
Negatively Correlated 
Regulon Represented genes 
4 - mitosis 51 a 
47 - nuclear, replication, 
chromosome organization 2
 b 
 
  
Positively Correlated 
Regulon 
Represented 
genes 
25 - Defense response 
 
28 a 
2 – Photosynthesis 
 
24 a 
57 - Phloem specific  
(vasculature tissues - 
specific) 
12 a 
35 - Kinases, signaling, 
disease resistance 10
 a 
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Supplemental Table S1. Analysis of SAQR promoter. 
Cis-acting motifs in the SAQR promoter region upstream of the transcription start site  
(-715 to -58 bp). Analyses were performed using Athena (O'Connor et al., 2005), Plant 
Care (http://bioinformatics.psb.ugent.be/webtools/plantcare/html/), and the Plant Promoter 
Database (Yamamoto and Obokata, 2008).  
  
Annotation Position Start
Position 
End 
(fromTSS)
Sequence Source
CARGCW8GAT Binding site for AGL15 -620 -611 CAATAATTAG Athena
CARGCW8GAT Binding site for AGL15 -287 -278  CATATATTTG Athena
Ibox promoter motif part of a light responsive element -11 -6 GATAAG Athena
MYB1AT Stress response, ABA signaling -503 -498 AAACCA Athena
TATA-box Motif core promoter element around -30 of transcription start -36 -31 TATAAAA Athena
ATREG565 -246 -239 TAAACGAC PPDB
ATREG569 -247 -236  AAACGACA PPDB
ATREG527 DREB1Aox (overexpression of DREB1A) -248 -237 TAAACGAC PPDB
HSE cis-acting element involved in heat stress responsiveness -233 -224 AGAAAATTCG PlantCARE
Circadian cis-acting regulatory element involved in circadian control -46 -36 CAAGTTCATC PlantCARE
CAAT-box common cis-acting element in promoter and enhancer regions -620 -616 CAAT PlantCARE
CAAT-box common cis-acting element in promoter and enhancer regions -72 -68 CAAT PlantCARE
CAAT-box common cis-acting element in promoter and enhancer regions -306 -301 CAAAT PlantCARE
AAGAA-motif (A. Satvia) N/A -410 -400 AGTAAAGAAA PlantCARE
ATCT-motif part of a conserved DNA module involved in light responsiveness -117 -107 AATCTAATTC PlantCARE
ATCT-motif part of a conserved DNA module involved in light responsiveness -137 -127 AATCTCATCC PlantCARE
ATGCAAAT motif cis-acting regulatory element associated to the TGAGTCA motif -309 -301 ATACAAAT PlantCARE
Box 4 part of a conserved DNA module involved in light responsiveness -357 -351 ATTAAT PlantCARE
CCAAT-box MYBHv1 binding site -438 -432 CAACGG PlantCARE
G-box cis-acting regulatory element involved in light responsiveness -606 -596 TAACACATAG PlantCARE
G-box cis-acting regulatory element involved in light responsiveness -259 -253 CACGAC PlantCARE
GATA-motif part of a light responsive element -568 -561 GATAGGG PlantCARE
LAMP-element part of a light responsive element -506 -497 CCAAAACCA PlantCARE
MNF1 light responsive element -583 -567 GTGCCCATTATGPlantCARE
Skn-1_motif cis-acting regulatory element required for endosperm expression (Oryza sativa) -264 -259 GTCAT PlantCARE
TCA-element cis-acting element involved in salicylic acid responsiveness -646 -636 GAGAAGAAAA PlantCARE
Unnamed__13 (Z.Mays) -316 -306 TCCAAGGATA PlantCARE
Red=stress responsive/regulatory
Yellow=light response/circadian
Blue=flowering/growth
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Supplemental Table S2. Secondary structure composition for each model 
calculated using Promotif. 
Number of residues (out of 85) and the percentages are given for each model (Hutchinson 
and Thornton, 1996).  Refer to Figure 1B for model illustrations. 
 
At1g64360 
β-strand - 
number of 
residues 
(percentage) 
α-helix - 
number of 
residues 
(percentage) 
3-10 helix - 
number of 
residues 
(percentage) 
Loop - 
number of 
residues 
(percentage) 
Model 1 4 (4.7%) 9 (10.6%) 3 (3.5%) 69 (81.2%) 
Model 2 0 (0.0%) 9 (10.6%) 6 (7.1%) 70 (82.4%) 
Model 3 0 (0.0%) 11 (12.9%) 0 (0.0%) 74 (87.1%) 
Model 4 0 (0.0%) 4 (4.7%) 3 (3.5%) 78 (91.8%) 
Model 5 9 (10.6%) 9 (10.6%) 0 (0.0%) 67 (78.8%) 
 
 
 
 
Supplemental Table S3. Tabulated dataset of genes correlated to the SAQR 
transcript profile. 
A: Genes positively correlated by Spearman’s correlation (0.7 or greater). B: Genes 
negatively correlated by Spearman’s correlation (0.6 or less). Pathway and regulon data 
are derived from AtGeneSearch (http://www.metnetdb.org/MetNet_atGeneSearch.htm) 
(Sucaet et al., 2012; Mentzen and Wurtele, 2008).   
(Supplemental file available online at ProQuest) 
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Supplemental Table S4. Correlation of SAG genes to SAQR. 
Over 35% of the genes co-expressed with SAQR are in the subset of senescence-
associated genes (SAGs) that are up-regulated under natural senescence. SAG gene data 
from data from Van der Graaff et al., 2006. 
 
 
Condition* Total number 
SAGs up-
regulated*  
SAGs 
correlated 
with SAQR 
(correlation 
coefficient 
≥0.7) 
Total 
number 
genes 
correlated 
to SAQR 
(correlation 
coefficient 
≥0.7) 
Natural senescence (NS) 1045 53 133 
Natural senescence (NS); Induced 
attached (DIS); Induced detached (DET) 
504 3   
Natural senescence (NS); Induced 
attached (DIS) 
120 2   
Natural senescence (NS); Induced 
detached (DET) 
286 0   
Induced detached (DET) 160 0   
Induced attached (DIS) 116 0   
Induced attached (DIS); Induced detached 
(DET) 
81 0   
Condition Total SAGs 
downregulated 
SAGs 
correlated 
with SAQR 
(≥0.7) 
  
Natural senescence (NS); Induced 
attached (DIS); Induced detached (DET) 
726 4   
Natural senescence (NS); Induced 
detached (DET) 
191 3   
Natural senescence (NS); Induced 
attached (DIS) 
137 0   
Natural senescence (NS) 501 2   
Induced detached (DET) 139 6   
Induced attached (DIS); Induced detached 
(DET) 
56 6   
Induced attached (DIS) 96 2   
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Supplemental Table S4, continued 
Condition Total SAGs 
up-regulated 
SAGs 
negatively 
correlated 
with SAQR 
(≤-0.6) 
Total 
genes 
correlated 
to SAQR 
(≤-0.6) 
Natural senescence (NS) 1045 5 134 
Natural senescence (NS); Induced 
attached (DIS); Induced detached (DET) 
504 1   
Natural senescence (NS); Induced 
attached (DIS) 
120 0   
Natural senescence (NS); Induced 
detached (DET) 
286 0   
Induced detached (DET) 160 2   
Induced attached (DIS) 116 0   
Induced attached (DIS); Induced 
detached (DET) 
81 0   
Condition Total SAGs 
downregulated 
in condition 
SAGs 
negatively 
correlated 
with SAQR 
(≤-0.6) 
  
Natural senescence (NS); Induced 
attached (DIS); Induced detached (DET) 
726 1   
Natural senescence (NS); Induced 
detached (DET) 
191 0   
Natural senescence (NS); Induced 
attached (DIS) 
137 0   
Natural senescence (NS) 501 2   
Induced detached (DET) 139 0   
Induced attached (DIS); Induced 
detached (DET) 
56 0   
Induced attached (DIS) 96 0   
* SAG data from Van der Graaff et al., 2006  
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Supplemental Table S5.  Pathways overrepresented among the SAQR-correlated 
transcripts. 
Transcripts with a positive correlation coefficient greater than or equal to 0.5 or a negative 
correlation coefficient greater than or equal to -0.5 with the SNESQ transcript by MetNet 
Online’s "Over-representation Search".  
Font legend:    
Light reaction-related Degradation and assimilation   
Biosynthesis Signaling   
Pathway P-value (one-tailed, over-represented) 
Number of 
matched 
genes 
Total number 
of genes in a 
pathway 
Oxygenic photosynthesis 
0 
46 98 
Photosynthesis light reactions 0 31 60 
Photorespiration 1.00E-07 15 30 
Calvin-Benson-Bassham cycle 2.70E-06 15 38 
Chlorophyll a degradation I 1.86E-04 6 10 
Chlorophyll a degradation II 2.16E-04 5 7 
Sucrose biosynthesis 
0.0015 
13 50 
Camalexin biosynthesis 0.0035 9 31 
C2 Photorespiration cycle (WYJ) 0.0109 2 2 
Pyridoxal 5'-phosphate salvage 
pathway 0.0109 2 2 
Glucosinolate biosynthesis from 
dihomomethionine 0.0133 12 57 
Sulfate activation for sulfonation 
0.0149 
4 10 
Glycine biosynthesis III 0.0178 3 6 
Starch degradation II 0.0214 4 11 
JA signaling 0.0221 6 22 
Glycine biosynthesis 0.0295 4 12 
Glucosinolate biosynthesis from 
homomethionine 0.0374 7 31 
L-Nδ-acetylornithine biosynthesis 
0.0426 
3 8 
Traumatin and (Z)-3-hexen-1-yl 
acetate biosynthesis 0.0505 4 14 
Positive >0.50 correlation 1,250 transcripts   
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Supplemental Table S5, continued 
    
Pathway P-value (one-tailed, 
over-represented) 
Number of 
matched 
genes 
Total number 
of genes in a 
pathway 
Mevalonate pathway I 1.08E-04 5 11 
Glycolysis IV (plant cytosol) 0.0027 9 60 
Isoprenoid (WYJ) 0.0032 5 21 
AGRIS regulatory network - full 0.0059 27 323 
Superpathway of 
geranylgeranyldiphosphate 
biosynthesis I (via mevalonate) 
0.0061 6 34 
Isoleucine degradation I 0.0185 4 21 
Gluconeogenesis I 0.0205 7 56 
Acetyl-coa biosynthesis III (from 
citrate) 0.0224 2 5 
Glycolysis II (from fructose-6P) 0.0244 7 58 
Glycolysis I 0.0288 7 60 
IAA degradation IV 0.0297 3 14 
Indole-3-acetyl-amide conjugate 
biosynthesis 0.0297 3 14 
IAA degradation V 0.0297 3 14 
Acetyl-coa Biotin network 0.0352 5 37 
Negative <-0.50 correlation 596 transcripts     
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Supplemental Table S6. Genes with altered expression profiles in SAQR knockout 
mutants. 
Data represents P-values, Q-values, and fold change comparing the SALK_052233C KO 
and wild type lines. Significance was taken as P<. 0.01. Categorical information and 
annotations were gleaned from MetNetDB. 
Locus ID TAIR Annotation Gene Name Category Pvalue Qvalue FC 
AT1G64360 unknown protein SAQR N/A 1.08E-10 2.11E-06 6.00E-10 
AT1G22900 
Disease resistance-
responsive (dirigent-like 
protein) family protein 
Disease resistance-
responsive (dirigent-like 
protein) family protein; 
Defense 1.37E-05 1.28E-01 7.165 
AT3G22840 
EARLY LIGHT-
INDUCABLE PROTEIN 
(ELIP1) 
Chlorophyll A-B binding 
family protein; 
Light 
response 1.97E-05 1.28E-01 0.282 
AT2G44790 uclacyanin 2 (UCC2) toxins removal (root - preferential); Transport 1.15E-04 5.52E-01 5.168 
AT4G22510 unknown protein N/A 1.86E-04 5.52E-01 4.181 
AT3G50410 OBF binding protein 1 (OBP1) OBF binding protein 1; 
Transcription 
factor 1.95E-04 5.52E-01 4.739 
AT1G30250 unknown protein N/A 2.21E-04 5.52E-01 0.360 
AT2G01850 
endoxyloglucan 
transferase A3 (EXGT-
A3) 
endoxyloglucan 
transferase A3; 
Sugar 
synthesis 2.26E-04 5.52E-01 2.244 
AT1G72430 SAUR-like auxin-responsive protein family 
SAUR-like auxin-
responsive protein family; 
Hormone 
(Auxin) 3.36E-04 6.98E-01 2.343 
AT5G67420 LOB domain-containing protein 37 (LBD37) 
LOB domain-containing 
protein 37; N/A 4.04E-04 6.98E-01 0.602 
AT3G16660 
Pollen Ole e 1 allergen 
and extensin family 
protein 
Pollen Ole e 1 allergen 
and extensin family 
protein; 
N/A 4.09E-04 6.98E-01 3.084 
AT1G20990 Cysteine/Histidine-rich C1 domain family protein 
Cysteine/Histidine-rich C1 
domain family protein; 
Oxidation-
reduction 4.29E-04 6.98E-01 0.074 
AT3G58760 Integrin-linked protein kinase family 
Integrin-linked protein 
kinase family; 
Signaling 
transduction 5.24E-04 7.34E-01 0.608 
AT4G22517 
Bifunctional inhibitor/lipid-
transfer protein/seed 
storage 2S albumin 
superfamily 
Bifunctional inhibitor/lipid-
transfer protein/seed 
storage 2S albumin 
superfamily protein; 
Transport 5.54E-04 7.34E-01 4.818 
AT3G11240 arginine-tRNA protein transferase 2 (ATE2) 
arginine-tRNA protein 
transferase 2; 
Protein 
modification 5.63E-04 7.34E-01 0.358 
AT2G47880 Glutaredoxin family protein 
Glutaredoxin family 
protein; 
Oxidation-
reduction 6.77E-04 7.92E-01 2.555 
AT1G23030 ARM repeat superfamily protein 
ARM repeat superfamily 
protein; 
Protein
modification 6.89E-04 7.92E-01 1.836 
AT1G07430 highly ABA-induced PP2C gene 2 (HAI2) 
highly ABA-induced PP2C 
gene 2; 
Hormone 
(ABA) 8.46E-04 8.23E-01 0.222 
AT3G58120 BZIP61 
Basic-leucine zipper 
(bZIP) transcription factor 
family protein; 
Transcription 
factor 8.65E-04 8.23E-01 2.153 
AT5G56780 effector of transcription2 (ET2) effector of transcription2; 
Transcription 
factor 9.06E-04 8.23E-01 3.907 
AT5G22430 
Pollen Ole e 1 allergen 
and extensin family 
protein 
Pollen Ole e 1 allergen 
and extensin family 
protein; 
N/A 9.43E-04 8.23E-01 0.000 
AT1G61370 S-locus lectin protein kinase family protein 
S-locus lectin protein 
kinase family protein; 
Protein 
modification 9.60E-04 8.23E-01 0.339 
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AT2G02770 4'-phosphopantetheinyl transferase superfamily 
4'-phosphopantetheinyl 
transferase superfamily; N/A 9.68E-04 8.23E-01 2.178 
AT3G62720 xylosyltransferase 1 (XT1) xylosyltransferase 1; 
Sugar 
synthesis 1.16E-03 9.41E-01 1.879 
AT5G62470 myb domain protein 96 (MYB96) myb domain protein 96; 
Transcription 
factor 1.26E-03 9.82E-01 0.538 
AT2G28120 Major facilitator superfamily protein 
Major facilitator 
superfamily protein; Transport 1.40E-03 1.00E+00 5.963 
AT5G48290 
Heavy metal 
transport/detoxification 
superfamily protein 
toxins removal (root - 
preferential); Transport 1.50E-03 1.00E+00 0.097 
AT1G24095 Putative thiol-disulphide oxidoreductase DCC 
Putative thiol-disulphide 
oxidoreductase DCC; 
Oxidation-
reduction 1.56E-03 1.00E+00 10.797 
AT5G06530 ABC-2 type transporter family protein 
ABC-2 type transporter 
family protein; 
Oxidation-
reduction 1.60E-03 1.00E+00 0.634 
AT1G10970 zinc transporter 4 precursor (ZIP4) 
zinc transporter 4 
precursor; Transport 1.60E-03 1.00E+00 4.339 
AT5G65650 Protein of unknown function (DUF1195) 
Protein of unknown 
function (DUF1195); N/A 1.64E-03 1.00E+00 1.777 
AT3G47640 POPEYE (PYE) 
basic helix-loop-helix 
(bHLH) DNA-binding 
superfamily protein; 
Transcription 
factor 1.83E-03 1.00E+00 0.492 
AT5G14120 Major facilitator superfamily protein 
Major facilitator 
superfamily protein; Transport 1.85E-03 1.00E+00 1.734 
AT5G54160 O-methyltransferase 1 (OMT1) O-methyltransferase 1; 
Secondary 
metabolite 
synthesis 
1.90E-03 1.00E+00 1.461 
AT4G12490 
Bifunctional inhibitor/lipid-
transfer protein/seed 
storage 2S albumin 
superfamily 
Bifunctional inhibitor/lipid-
transfer protein/seed 
storage 2S albumin 
superfamily protein; 
Transport 2.15E-03 1.00E+00 3.943 
AT1G05065 CLAVATA3/ESR-RELATED 20 (CLE20) 
CLAVATA3/ESR-
RELATED 20; 
Signaling 
transduction 2.16E-03 1.00E+00 0.082 
AT5G19300 
CONTAINS InterPro 
DOMAIN/s: Nucleic acid-
binding, OB-fold-like 
(InterPro:IPR016027), 
 N/A 2.24E-03 1.00E+00 2.069 
AT5G37260 REVEILLE 2 (RVE2) Homeodomain-like superfamily protein; 
Transcription 
factor 2.38E-03 1.00E+00 0.656 
AT3G11220 ELONGATA 1 (ELO1) Paxneb protein-related; Abiotic stress response 2.43E-03 1.00E+00 1.775 
AT3G54810 BLUE MICROPYLAR END 3 (BME3) 
Plant-specific GATA-type 
zinc finger transcription 
factor family protein; 
Transcription 
factor 2.44E-03 1.00E+00 1.539 
AT1G45110 
Tetrapyrrole 
(Corrin/Porphyrin) 
Methylases 
Tetrapyrrole 
(Corrin/Porphyrin) 
Methylases; 
Nucleic acid 
modification 2.62E-03 1.00E+00 3.463 
AT2G20870 cell wall protein precursor, putative cell wall protein precursor; N/A 2.65E-03 1.00E+00 0.323 
AT4G19810 
Glycosyl hydrolase family 
protein with chitinase 
insertion domain 
Glycosyl hydrolase family 
protein with chitinase 
insertion domain; 
Abiotic stress 
response 2.79E-03 1.00E+00 3.160 
AT3G24520 heat shock transcription factor C1 (HSFC1) 
heat shock transcription 
factor C1; 
Transcription 
factor 2.89E-03 1.00E+00 0.417 
AT5G62210 Embryo-specific protein 3, (ATS3) Embryo-specific protein 3; N/A 3.00E-03 1.00E+00 0.577 
AT5G24380 YELLOW STRIPE like 2 (YSL2) YELLOW STRIPE like 2; Transport 3.01E-03 1.00E+00 0.464 
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AT5G19110 Eukaryotic aspartyl protease family protein 
Eukaryotic aspartyl 
protease family protein; 
Protein 
modification 3.09E-03 1.00E+00 4.619 
AT3G51450 
Calcium-dependent 
phosphotriesterase 
superfamily protein 
Calcium-dependent 
phosphotriesterase 
superfamily protein; 
Hormone 
(Jasmonate) 3.20E-03 1.00E+00 1.939 
AT1G70300 K+ uptake permease 6 (KUP6) K+ uptake permease 6; Transport 3.21E-03 1.00E+00 2.987 
AT5G37300 WSD1 O-acyltransferase (WSD1-like) family protein; 
Lipid 
synthesis 3.22E-03 1.00E+00 0.390 
AT1G15125 
S-adenosyl-L-
methionine-dependent 
methyltransferases 
superfamily protein 
S-adenosyl-L-methionine-
dependent 
methyltransferases 
superfamily protein; 
Protein 
modification 3.27E-03 1.00E+00 3.184 
AT2G38250 Homeodomain-like superfamily protein 
Homeodomain-like 
superfamily protein; 
Transcription 
factor 3.28E-03 1.00E+00 4.413 
AT2G30020 Protein phosphatase 2C family protein 
Protein phosphatase 2C 
family protein; 
Abiotic stress 
response 3.33E-03 1.00E+00 0.550 
AT5G65760 Serine carboxypeptidase S28 family protein 
Serine carboxypeptidase 
S28 family protein; Catabolism 3.38E-03 1.00E+00 1.728 
AT3G16770 
ethylene-responsive 
element binding protein 
(EBP) 
ethylene-responsive 
element binding protein; 
Transcription 
factor 3.45E-03 1.00E+00 0.545 
AT1G76160 SKU5 similar 5 (sks5) SKU5 similar 5; 
Secondary 
metabolite 
synthesis 
3.47E-03 1.00E+00 1.411 
AT1G64500 Glutaredoxin family protein 
Glutaredoxin family 
protein; 
Oxidation-
reduction 3.51E-03 1.00E+00 0.643 
AT3G46900 copper transporter 2 (COPT2) copper transporter 2; Transport 3.65E-03 1.00E+00 0.444 
AT4G39780 
Integrase-type DNA-
binding superfamily 
protein 
Integrase-type DNA-
binding superfamily 
protein; 
Transcription 
factor 3.77E-03 1.00E+00 0.534 
AT2G32160 
S-adenosyl-L-
methionine-dependent 
methyltransferases 
superfamily protein 
S-adenosyl-L-methionine-
dependent 
methyltransferases 
superfamily protein; 
Protein 
modification 3.82E-03 1.00E+00 0.625 
AT1G21120 O-methyltransferase family protein 
O-methyltransferase 
family protein; 
Secondary 
metabolite 
synthesis 
3.84E-03 1.00E+00 0.508 
AT1G18080 ATARCA Transducin/WD40 repeat-like superfamily protein; Catabolism 4.02E-03 1.00E+00 1.492 
AT2G43590 Chitinase family protein Chitinase family protein; Defense 4.17E-03 1.00E+00 3.028 
AT3G58520 
Ubiquitin carboxyl-
terminal hydrolase family 
protein 
Ubiquitin carboxyl-terminal 
hydrolase family protein; 
Protein 
modification 4.19E-03 1.00E+00 1.990 
AT2G43580 Chitinase family protein Chitinase family protein; Defense 4.52E-03 1.00E+00 14.874 
AT3G13020 hAT transposon superfamily protein 
hAT transposon 
superfamily protein; 
Protein 
modification 4.54E-03 1.00E+00 64911692 
AT2G41230 unknown protein  N/A 4.61E-03 1.00E+00 4.206 
AT5G62280 Protein of unknown function (DUF1442) 
Protein of unknown 
function (DUF1442); N/A 4.61E-03 1.00E+00 0.000 
AT2G16660 Major facilitator superfamily protein 
Major facilitator 
superfamily protein; Transport 4.62E-03 1.00E+00 1.857 
AT1G23480 cellulose synthase-like A3 (CSLA03) cellulose synthase-like A3; 
Sugar 
synthesis 4.65E-03 1.00E+00 1.894 
AT3G62960 Thioredoxin superfamily protein 
Thioredoxin superfamily 
protein; 
Oxidation-
reduction 4.76E-03 1.00E+00 282449502 
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AT5G23020 2-isopropylmalate synthase 2 (IMS2) 
toxins removal (root - 
preferential); 
Secondary 
metabolite 
synthesis 
4.79E-03 1.00E+00 1.861 
AT3G46880 unknown protein  N/A 4.94E-03 1.00E+00 6.156 
AT5G48655 RING/U-box superfamily protein 
RING/U-box superfamily 
protein; Transport 4.97E-03 1.00E+00 0.573 
AT4G15800 ralf-like 33 (RALFL33) ralf-like 33; Signaling transduction 4.98E-03 1.00E+00 1.839 
AT4G35420 dihydroflavonol 4-reductase-like1 (DRL1) 
secondary wall (flower - 
specific; 
Secondary 
metabolite 
synthesis 
5.00E-03 1.00E+00 3.491 
AT3G15115 unknown protein  N/A 5.02E-03 1.00E+00 0.355 
AT2G38310 PYR1-like 4 (PYL4) PYR1-like 4; N/A 5.07E-03 1.00E+00 1.699 
AT2G36650 unknown protein  N/A 5.07E-03 1.00E+00 0.000 
AT1G75200 
flavodoxin family protein / 
radical SAM domain-
containing protein 
translation; Oxidation-reduction 5.18E-03 1.00E+00 1.510 
AT1G60190 ARM repeat superfamily protein 
ARM repeat superfamily 
protein; 
Protein 
modification 5.18E-03 1.00E+00 0.298 
AT3G05730 LOCATED IN: endomembrane system  N/A 5.22E-03 1.00E+00 2.610 
AT4G08770 Peroxidase superfamily protein 
toxins removal (root - 
preferential); Catabolism 5.25E-03 1.00E+00 7.453 
AT4G39950 
cytochrome P450, family 
79, subfamily B, 
polypeptide 2 (CYP79B2) 
cytochrome P450; Catabolism 5.34E-03 1.00E+00 1.622 
AT2G17470 
Aluminium activated 
malate transporter family 
protein 
Aluminium activated 
malate transporter family 
protein; 
Transport 5.40E-03 1.00E+00 3.174 
AT1G64170 cation/H+ exchanger 16 (CHX16) defense response; Transport 5.61E-03 1.00E+00 2.500 
AT3G27250 unknown protein  N/A 5.67E-03 1.00E+00 0.401 
AT1G02640 beta-xylosidase 2 (BXL2) beta-xylosidase 2; Catabolism 5.85E-03 1.00E+00 2.260 
AT1G70090 glucosyl transferase family 8 (LGT8) 
glucosyl transferase family 
8; 
Sugar 
synthesis 5.87E-03 1.00E+00 1.657 
AT1G02870 
FUNCTIONS IN: 
molecular_function 
unknown  
N/A 5.90E-03 1.00E+00 1.727 
AT3G24750 unknown protein  N/A 6.08E-03 1.00E+00 0.117 
AT3G15210 
ethylene responsive 
element binding factor 4 
(ERF4) 
ethylene responsive 
element binding factor 4; 
Transcription 
factor 6.10E-03 1.00E+00 0.537 
AT1G76090 sterol methyltransferase 3 (SMT3) sterol methyltransferase 3; 
Secondary 
metabolite 
synthesis 
6.10E-03 1.00E+00 1.783 
AT3G19680 Protein of unknown function (DUF1005) 
Protein of unknown 
function (DUF1005); N/A 6.14E-03 1.00E+00 2.269 
AT1G06440 
Ubiquitin carboxyl-
terminal hydrolase family 
protein 
Ubiquitin carboxyl-terminal 
hydrolase family protein; 
Protein 
modification 6.27E-03 1.00E+00 3.467 
AT4G37260 myb domain protein 73 (MYB73) myb domain protein 73; 
Transcription 
factor 6.43E-03 1.00E+00 1.728 
AT5G63160 BTB and TAZ domain protein 1 (BT1) 
BTB and TAZ domain 
protein 1; 
Transcription 
factor 6.44E-03 1.00E+00 0.596 
AT4G16260 Glycosyl hydrolase superfamily protein 
toxins removal (root - 
preferential); Defense 6.49E-03 1.00E+00 3.470 
AT1G08030 tyrosylprotein sulfotransferase (TPST) 
tyrosylprotein 
sulfotransferase; 
Protein 
modification 6.68E-03 1.00E+00 1.754 
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AT1G64380 
Integrase-type DNA-
binding superfamily 
protein 
Integrase-type DNA-
binding superfamily 
protein; 
Transcription 
factor 6.70E-03 1.00E+00 0.379 
AT3G27280 prohibitin 4 (PHB4) prohibitin 4; Nucleic acid modification 6.72E-03 1.00E+00 1.827 
AT4G37410 
cytochrome P450, family 
81, subfamily F, 
polypeptide 4 (CYP81F4) 
cytochrome P450; Catabolism 6.80E-03 1.00E+00 3.051 
AT5G43150 unknown protein  N/A 6.99E-03 1.00E+00 0.635 
AT1G22530 PATELLIN 2 (PATL2) PATELLIN 2; Transport 7.27E-03 1.00E+00 1.583 
AT5G05600 
2-oxoglutarate (2OG) 
and Fe(II)-dependent 
oxygenase superfamily 
protein 
2-oxoglutarate (2OG) and 
Fe(II)-dependent 
oxygenase superfamily 
protein; 
Hormone 
(Jasmonate) 7.39E-03 1.00E+00 2.879 
AT1G01120 3-ketoacyl-CoA synthase 1 (KCS1) 
3-ketoacyl-CoA synthase 
1; 
Lipid 
synthesis 7.44E-03 1.00E+00 1.508 
AT4G22513 
Bifunctional inhibitor/lipid-
transfer protein/seed 
storage 2S albumin 
superfamily 
Bifunctional inhibitor/lipid-
transfer protein/seed 
storage 2S albumin 
superfamily protein; 
Transport 7.57E-03 1.00E+00 2.587 
AT3G21500 
1-deoxy-D-xylulose 5-
phosphate synthase 1 
(DXPS1) 
1-deoxy-D-xylulose 5-
phosphate synthase 1; 
Secondary 
metabolite 
synthesis 
7.58E-03 1.00E+00 6.116 
AT1G77760 nitrate reductase 1 (NIA1) nitrate reductase 1; Transport 7.60E-03 1.00E+00 0.564 
AT1G56610 Protein with RNI-like/FBD-like domains 
Protein with RNI-like/FBD-
like domains; N/A 7.62E-03 1.00E+00 0.584 
AT3G49750 receptor like protein 44 (RLP44) receptor like protein 44; 
Signaling 
transduction 7.75E-03 1.00E+00 0.338 
AT4G12480 pEARLI 1 
Bifunctional inhibitor/lipid-
transfer protein/seed 
storage 2S albumin 
superfamily protein; 
Transport 7.81E-03 1.00E+00 3.849 
AT5G08320 
CONTAINS InterPro 
DOMAIN/s: E2F-
associated 
phosphoprotein, C-
terminal 
(InterPro:IPR019370) 
 N/A 7.82E-03 1.00E+00 2.769 
AT5G12940 Leucine-rich repeat (LRR) family protein 
Leucine-rich repeat (LRR) 
family protein; 
Signaling 
transduction 7.82E-03 1.00E+00 0.518 
AT5G09980 elicitor peptide 4 precursor (PROPEP4) 
elicitor peptide 4 
precursor; N/A 8.01E-03 1.00E+00 5.359 
AT3G54990 SCHLAFMUTZE (SMZ) 
Integrase-type DNA-
binding superfamily 
protein; 
Transcription 
factor 8.18E-03 1.00E+00 2.391 
AT5G23350 
GRAM domain-
containing protein / ABA-
responsive protein-
related 
GRAM domain-containing 
protein / ABA-responsive 
protein-related; 
Transcription 
factor 8.19E-03 1.00E+00 6.301 
AT1G26390 FAD-binding Berberine family protein 
FAD-binding Berberine 
family protein; 
Oxidation-
reduction 8.31E-03 1.00E+00 6.282 
AT4G34230 cinnamyl alcohol dehydrogenase 5 (CAD5) 
cinnamyl alcohol 
dehydrogenase 5; 
Secondary 
metabolite 
synthesis 
8.37E-03 1.00E+00 1.970 
AT1G53165 ATMAP4K ALPHA1 Protein kinase superfamily protein; N/A 8.50E-03 1.00E+00 0.588 
AT5G13500 unknown protein  N/A 8.50E-03 1.00E+00 1.634 
AT1G22570 Major facilitator superfamily protein 
Major facilitator 
superfamily protein; Transport 8.56E-03 1.00E+00 3.367 
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AT1G72850 Disease resistance protein (TIR-NBS class) 
Disease resistance protein 
(TIR-NBS class); Defense 8.65E-03 1.00E+00 0.260 
AT3G22425 
imidazoleglycerol-
phosphate dehydratase 
(IGPD) 
imidazoleglycerol-
phosphate dehydratase; 
Protein 
synthesis 8.73E-03 1.00E+00 0.621 
AT1G61065 Protein of unknown function (DUF1218) 
Protein of unknown 
function (DUF1218); N/A 8.79E-03 1.00E+00 4.272 
AT5G54510 DWARF IN LIGHT 1 (DFL1) 
Auxin-responsive GH3 
family protein; 
Hormone 
(Auxin) 8.99E-03 1.00E+00 1.746 
AT3G57230 AGAMOUS-like 16 (AGL16) AGAMOUS-like 16; 
Transcription 
factor 9.24E-03 1.00E+00 0.667 
AT2G41550 Rho termination factor Rho termination factor; Transcription factor 9.27E-03 1.00E+00 3.495 
AT2G17620 Cyclin B2 Cyclin B2;1; Protein modification 9.37E-03 1.00E+00 3.324 
AT5G51190 
Integrase-type DNA-
binding superfamily 
protein 
Integrase-type DNA-
binding superfamily 
protein; 
Transcription 
factor 9.37E-03 1.00E+00 0.426 
AT4G20880 
ethylene-responsive 
nuclear protein / 
ethylene-regulated 
nuclear protein (ERT2) 
ethylene-responsive 
nuclear protein / ethylene-
regulated nuclear protein 
(ERT2); 
N/A 9.40E-03 1.00E+00 0.632 
AT5G55050 
GDSL-like 
Lipase/Acylhydrolase 
superfamily protein 
defense response; Catabolism 9.43E-03 1.00E+00 2.110 
AT3G26410 methyltransferases methyltransferases;nucleic acid binding; N/A 9.43E-03 1.00E+00 2.332 
AT1G74870 RING/U-box superfamily protein 
RING/U-box superfamily 
protein; N/A 9.48E-03 1.00E+00 0.000 
AT3G07340 
basic helix-loop-helix 
(bHLH) DNA-binding 
superfamily protein 
basic helix-loop-helix 
(bHLH) DNA-binding 
superfamily protein; 
Transcription 
factor 9.55E-03 1.00E+00 1.844 
AT1G75120 REDUCED RESIDUAL ARABINOSE 1 (RRA1) 
Nucleotide-diphospho-
sugar transferase family 
protein; 
Sugar 
synthesis 9.63E-03 1.00E+00 2.940 
AT3G29810 COBRA-like protein 2 precursor (COBL2) 
COBRA-like protein 2 
precursor; N/A 9.63E-03 1.00E+00 2.926 
AT1G76060 EMBRYO DEFECTIVE 1793 (EMB1793) 
LYR family of Fe/S cluster 
biogenesis protein; N/A 9.68E-03 1.00E+00 2.053 
AT1G16830 
Pentatricopeptide repeat 
(PPR) superfamily 
protein 
Pentatricopeptide repeat 
(PPR) superfamily protein; N/A 9.72E-03 1.00E+00 6.302 
AT2G42750 
DNAJ heat shock N-
terminal domain-
containing protein 
DNAJ heat shock N-
terminal domain-
containing protein; 
Protein 
modification 9.74E-03 1.00E+00 0.625 
AT2G39180 CRINKLY4 related 2 (CCR2) CRINKLY4 related 2; 
Protein 
modification 9.74E-03 1.00E+00 3.223 
AT2G34060 Peroxidase superfamily protein 
Peroxidase superfamily 
protein; 
Oxidation-
reduction 9.84E-03 1.00E+00 0.410 
AT2G03010 Family of unknown function (DUF577) 
Family of unknown 
function (DUF577); N/A 9.87E-03 1.00E+00 5.822 
AT1G28600 
GDSL-like 
Lipase/Acylhydrolase 
superfamily protein 
GDSL-like 
Lipase/Acylhydrolase 
superfamily protein; 
N/A 9.88E-03 1.00E+00 1.480 
AT5G15170 
tyrosyl-DNA 
phosphodiesterase-
related 
tyrosyl-DNA 
phosphodiesterase-
related; 
Nucleic acid 
modification 9.92E-03 1.00E+00 0.547 
AT4G23890 unknown protein  N/A 9.99E-03 1.00E+00 0.727 
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Supplemental Table S7. Tabulated dataset of metabolites with increased and 
decreased accumulation in SAQR-KO background.   
Data from MetNet PMR database (http://metnetdb.org/PMR/).  Negative log2 ratio indicates 
increase in knockout.  
 
Metabolite increased in KO 
Log2 
ratio 
Fold 
change p-value 
8-Methylsulfinyl-n-octyl glucosinolate -7.442 173.9 0.00102 
Indol-3-ylmethyl-glucosinolate -5.707 52.24 1.45E-05 
Methoyindol3-ylmethyl glucosinolate -5.645 50.04 1.42E-05 
3-Butenyl-glucosinolate -4.989 31.76 1.99E-06 
BJN-GCMS-FAMES-1565.1 -4.821 28.27 0.04853 
3-Methylthio-n-propyl-glucosinolate -3.852 14.44 9.01E-06 
6-Methylsulfinyl-n-heyl-glucosinolate -3.757 13.52 7.45E-06 
5-Methylsulfinyl-n-pentyl-glucosinolate -3.65 12.55 2.15E-07 
4-Methylsulfinyl-n-butyl-glucosinolate -3.584 11.99 6.48E-07 
Cellotrise -3.446 10.9 1.58E-05 
4-Hydroy-n-butyl-glucosinolate -3.389 10.48 2.31E-07 
Phenyl-Ethyl-glucosinolate-Chromadex -3.354 10.22 1.18E-08 
GIPC(34:1)-3 -3.096 8.55 0.000608 
4-Methylthio-n-butyl-glucosinolate -3.065 8.369 8.42E-09 
homo-eriodictyol -3.065 8.369 0.001383 
Sinigrin-glucosinolate -3.024 8.134 0.00068 
7-Methylsulfinyl-n-heptyl-glucosinolate -2.972 7.846 2.53E-07 
Benzylglucosinolate_C14H18O9NCH3_4Canada -2.766 6.802 0.000144 
DAG(18:3/16:2) -2.678 6.4 0.02115 
1-Tetratriacontanol -2.582 5.988 0.04696 
GIPC(34:1)-2 -2.277 4.847 0.002525 
3-Hydroypropyl glucosinolate -2.248 4.75 0.000114 
GIPC(38:1)-3 -2.012 4.033 0.01414 
4-Benzoyloy-n-butyl-glucosinolate -1.87 3.655 0.00045 
Chrysoecin -1.849 3.603 0.02289 
GIPC(36:1)-3 -1.803 3.489 0.0363 
NeoDiosmin -1.792 3.463 0.003972 
DAG(18:3/16:1) -1.739 3.338 0.04416 
3-Hydroy-n-propyl-glucosinolate -1.635 3.106 0.008287 
GIPC(40:0)-2 -1.629 3.093 0.001417 
LWS_UPLC_NSF-NSFPDA_17.88_941.511 -1.575 2.979 0.002649 
6-Hydroxyflavone - Dimer -1.49 2.809 0.01772 
scopoletin (dimer) -1.391 2.623 0.004111 
LWS_UPLC_NSF-NSFPDA_33.93_793.45 -1.365 2.576 0.03278 
Naringin -1.346 2.542 0.005119 
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Supplemental Table S7, continued 
 
LWS_UPLC_NSF-NSFPDA_12.84_973.503 -1.344 2.539 0.01662 
GIPC(36:1)-2 -1.293 2.45 9.15E-07 
Esculin -1.286 2.439 0.02015 
Tectochrysin -1.26 2.395 0.04618 
Narigenin-7-O-glucoside -1.254 2.385 0.009534 
7Hydroxyflavone - Dimer -1.245 2.37 0.01666 
GIPC(38:1)-2 -1.213 2.318 0.02523 
LWS_UPLC_NSF-NSFPDA_18.36_795.454 -1.167 2.245 0.02876 
cholesteryl glucoside -1.146 2.213 0.007213 
PI(36:1) -1.127 2.184 0.03709 
LWS_UPLC_NSF-NSFPDA_19.82_795.453 -1.117 2.169 0.03724 
luteolin-3-7-di-O-glu -1.08 2.114 0.0359 
MGDG(36:1) -1.071 2.101 0.01714 
DAG(18:3/18:3) -1.06 2.085 1.08E-06 
PS(40:1) -1.039 2.055 0.01024 
DAG(18:3/16:3) -1.014 2.02 0.000141 
DAG(18:2/18:0) -1.01 2.014 0.000769 
DAG(18:2/18:3) -1.009 2.013 7.98E-06 
 
Metabolite decreased in KO 
Log2 
ratio 
Fold 
change p-value 
phytol 12.746 6870 0.0002874 
phytol 12.746 6870 0.0002874 
linoleic acid 8.463 352.9 0.0002621 
linoleic acid 8.463 352.9 0.0002621 
Cyanindin-3-glucoside (Chrysanthemin) 2.952 7.738 0.002216 
HexCer(44:0)-3 2.799 6.96 0.0006565 
LPG(18:1) 2.456 5.487 0.007102 
BJN-GCMS-FAMES-2344.2 2.049 4.138 0.01149 
BJN-GCMS-FAMES-2179.8 1.978 3.939 0.0003985 
LWS_UPLC_NSF-
NSFPDA_23.05_1057.561 1.755 3.375 0.004667 
BML-PS2-16.643-407.4 1.704 3.258 0.002849 
alpha-tocopherol 1.651 3.141 0.04083 
BML-PS2-15.569-357.3 1.516 2.86 0.01902 
Cycloartenol 1.459 2.749 0.00376 
BJN-GCMS-FAMES-2323.5 1.424 2.683 0.04949 
LWS_UPLC_NSF-NSFPDA_11.70_973.499 1.368 2.581 0.005449 
o-Coumaric acid-B-glucoside 1.321 2.498 0.001855 
Pelargonidin-3-O-glucoside (Callistephin) 1.288 2.442 0.02324 
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BML-PS2-17.420-357.3 1.199 2.296 0.01169 
alpha-Cyano-3-hydroxycinnamicacid 
(fragment) 1.193 2.286 0.002814 
2,4,6,Trihydroxyacetophenone 1.173 2.255 0.03899 
LWS_UPLC_NSF-NSFPDA_14.58_647.377 1.151 2.221 0.003706 
BJN-GCMS-CW-2508 1.122 2.176 0.0165 
Liquiritigenin 1.034 2.048 0.04198 
BJN-GCMS-FAMES-2266.2 1.02 2.028 0.02017 
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CHAPTER 3: GENERAL CONCLUSIONS 
The SAQR protein lacks functional motifs to deduce its function.   However, there 
are clues of its possible function; first, the SAQR promoter region contains many light and 
stress responsive elements; one of the few stresses the gene has been shown to 
definitely respond are light-induced oxidative stress and stresses present in leaf 
senescence, which is regulated by light.  Second, predicted physical characteristics of the 
protein, such as the predicted structure and disorder, are similar to some stress-protective 
plant proteins, and may indicate a non-catalytic role for the protein.    
Alterations in the expression of SAQR produce changes in starch accumulation.  
Overexpressing SAQR increases starch accumulation while knocking out its expression 
decreases starch accumulation. These mutations do not appear to produce other 
differences in the physical morphology of the plant beyond changes to the flowering time 
under short day conditions. SAQR expression is increased in a QQS-RNAi mutant, and 
this increases starch as it is increased in the QQS-RNAi mutant.  Its expression is also 
altered in the carbohydrate mutant mex1, and several other genetic backgrounds that 
suggest a relationship to carbohydrate metabolism and/or regulation. 
Finally, microarray and histochemical data suggest that alterations of SAQR 
expression are very specific in that they occur almost entirely in the background of 
senescence as a result of the natural aging process.  This implies the effects of perturbing 
SAQR expression are associated with the biological senescence program. These results 
suggest that SAQR may integrate primary metabolism and adaptation to changes that 
occur as plant tissue senesces.  More broadly, the findings of this thesis support the 
hypothesis that young and highly specified genes such as SAQR and QQS can promote 
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evolutionary survival during speciation across changing environmental challenges and 
support the possible benefits of the further study of such unique genes and their 
importance for the regulation and balancing of stress and metabolic signaling in plants. 
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The allocation of carbon and nitrogen resources to the synthesis of plant proteins, carbohydrates, and 
lipids is complex and under the control of many genes; much remains to be understood about this 
process. QQS (Qua-Quine Starch; At3g30720), an orphan gene unique to Arabidopsis thaliana, regulates 
metabolic processes affecting carbon and nitrogen partitioning among proteins and carbohydrates, 
modulating leaf and seed composition in Arabidopsis and soybean. Here the universality of QQS function 
in modulating carbon and nitrogen allocation is exemplified by a series of transgenic experiments. We 
show that ectopic expression of QQS increases soybean protein independent of the genetic background 
and original protein content of the cultivar. Furthermore, transgenic QQS expression increases the 
protein content of maize, a C4 species (a species that uses 4-carbon photosynthesis), and rice, a protein 
poor agronomic crop, both highly divergent from Arabidopsis. We determine that QQS protein binds to 
the transcriptional regulator AtNF-YC4 (Arabidopsis nuclear factor Y, subunit C4). Overexpression of 
AtNF-YC4 in Arabidopsis mimics the QQS-overexpression phenotype, increasing protein and decreasing 
starch levels. NF-YC, a component of the NF-Y complex, is conserved across eukaryotes. The NF-YC4 
homologs of soybean, rice, and maize also bind to QQS, which provides an explanation of how QQS can 
act in species where it does not occur endogenously. These findings are, to our knowledge, the first 
insight into the mechanism of action of QQS in modulating carbon and nitrogen allocation across species. 
They have major implications for the emergence and function of orphan genes, and identify a 
nontransgenic strategy for modulating protein levels in crop species, a trait of great agronomic 
significance. 
QQS | NF-YC4 | carbon allocation | nitrogen allocation | orphan  
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Significance 
Each species contains a subset of genes that are uniquely present in that species; the functions 
and rigins of the vast majority of these “orphan genes” are not well-understood. Expression of the 
Arabidopsis QQS (Qua-Quine Starch; At3g30720) orphan transgene increases the level of protein in 
soybean lines with high and low protein and acts across flowering plants to increase the protein 
content of maize and rice. Our results begin to dissect the mechanism of QQS functions by 
identifying that it binds to the conserved transcription factor nuclear factor Y, subunit C4 (NF-YC4). 
Increased expression of NF-YC4 in Arabidopsis mimics the effects of increased expression of 
QQS. The ability to optimize protein productivity in plant-based foods would have farranging impacts 
on world health and sustainability. 
Carbon and nitrogen allocation to plant proteins, carbohydrates, and lipids is not controlled by a single 
gene but by many (1). Most of the enzymes promoting accumulation of these products have been 
identified; however, much less is understood about the mechanisms that regulate this complex metabolic 
network (2–8). Arabidopsis thaliana QQS (Qua-Quine Starch; At3g30720) lacks sequence similarity to 
any other protein-coding genes, and is considered an orphan gene that has arisen de novo from 
noncoding sequence since the divergence of A. thaliana from other species (9, 10). Although orphans 
typically comprise 2–8% of the genome of eukaryotic and prokaryotic species, their origin and biological 
function have not been well-explored (11–14). Proteins encoded by some orphan genes provide a 
defensive capability by binding to a receptor of a predator organism (11). In contrast, QQS action is 
endogenous (3): Overexpression of QQS in Arabidopsis increases total protein content and decreases 
total starch content in leaf, whereas down-regulation of QQS has the converse effect. The increased 
starch content in QQS RNAi (RNA interference) mutants is due to increased starch accumulation, 
whereas starch degradation is not affected (10). These data indicate that the QQS orphan gene 
modulates carbon and nitrogen allocation in Arabidopsis (3, 10). 
Expression of the QQS transgene in the soybean cultivar Williams 82 causes a similar shift in 
composition, increasing protein and decreasing carbohydrate in leaf and seed, even though this organism 
does not have a polypeptide recognizable as QQS by sequence comparisons (3, 10). Protein gels show 
no visually detectable differences in accumulation of a particular polypeptide and no changes in the ratios 
of any of the major amino acids of proteins, indicating that, in soybean seeds, this increase in total protein 
is not due to a specific increase in storage proteins (3). The ability of QQS to affect soybean composition 
led us to investigate whether QQS interacts with a molecule or process in Arabidopsis that also exists in 
other plant species. 
Here we report that the Arabidopsis orphan gene QQS increases protein content in multiple soybean 
lines with different protein levels, and also in rice and maize, two major agronomic crops that are highly 
divergent from Arabidopsis and are not high protein producers. Furthermore, we identify the protein NF-
YC4 (nuclear factor Y, subunit C4) as a QQS-interacting protein, and provide direct evidence that NF-
YC4 mediates plant composition. This understanding of how QQS functions uncovers a new node in the 
network that determines plant partitioning of precious carbon and nitrogen resources, and informs the 
current view on the evolutionary significance of newly formed (orphan) genes. 
Results and Discussion 
QQS Functions Across Varieties of Soybean with High or Low Protein Content. We determined 
more broadly the effect of ectopic expression of QQS in plants. First, we chose to evaluate whether QQS 
acts only in Williams 82, a single variety of soybean with a moderate protein content, or whether the effect 
of QQS is more general. To do this, we introduced the QQS transgene into five elite soybean lines with 
varied seed protein contents by crossing QQS-expressing (QQS-E) Williams 82 soybeans (as the pollen 
donor) with each of these lines, selecting QQS-containing plants, and allowing them to self-pollinate. The 
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self-pollinated offspring of the F2 (second filial) and F3 generations of the crosses containing the QQS 
transgene were similar to their respective segregating siblings in morphology, development, flowering 
time, seed shape and size, and seed weight per plant Fig. 1A and Fig. S1). However, QQS transgene 
expression increased seed protein content in each elite soybean line, regardless of the initial protein level 
in that line (Fig. 1B and Fig. S1B). Specifically, expression of QQS increased protein content in seeds of 
the F3 generation by 8–10% in line IA1022, 4–7% in lines IA2079 and IA2102, and 6–10% in lines IA2053 
and IA3022, compared with the respective segregating WT (wild type) siblings. Seed oil content was 
similar or slightly decreased, and seed fiber was decreased (Fig. 1B). 
Fig. 1. Soybean plants expressing the Arabidopsis QQS gene have increased protein content. (A) Visual 
phenotype, developmental patterns, and seeds of QQS-E mutant lines were similar to those of their 
segregating sibling controls (line IA2053 crossed to QQS-E Williams 82 is shown, plants of F2 generation 
and seeds of F3 generation). (B) Seed composition (F3 generation) of protein, oil, and fiber was analyzed 
by near-infrared spectroscopy (NIRS), based on a 13% moisture content (wt/wt). Seed starch levels were 
below the detection limit. Percent increase of seed protein compared with their respective segregating 
siblings is labeled at the top of the mutant bar. (a) Segregating siblings lacking the QQS gene from QQS-
E Williams 82 transformants. (b) QQS-E Williams 82 transformants. (c) Segregating sibling controls 
lacking the QQS gene from crosses of elite lines and QQS-E Williams 82. (d) QQS-E mutants from 
crosses of elite lines and QQS-E Williams 82. Soybeans were planted in a field, harvested, and 
processed in a completely randomized design. See Fig. S1 for additional data. All data in bar charts show 
mean ± SEM; n = 3 replicates from three individual plants of siblings, mutants, or wild-type controls, 
86
identified by both herbicide resistance and PCR screening of leaf genomic DNA. Student’s t test was 
used to compare QQS-E and controls; *P < 0.05, **P < 0.01, P < 0.05 for those with no marks. 
QQS Functions in Monocot Plants to Regulate Plant Composition. Mono- and dicotyledonous plants 
have physiological differences in how seed reserves are partitioned. Typically, dicots accumulate 
significant amounts of protein and oil in their cotyledons, whereas monocots store starch and protein 
primarily in the endosperm and a small amount of oil in the germ (15). To test whether QQS could 
function across angiosperm lineages, we introduced the QQS transgene into the C3 monocot (a monocot 
that uses only 3-carbon photosynthesis) rice (cultivar Kitaake). Rice is the primary staple crop for over 
half of the world’s people, with global rice consumption at about 480 million metric tons per y (16). High in 
starch and gluten-free, rice contains only about 4–5 g of protein per cup serving (7.1–7.9% protein on a 
dry-weight basis). The vast majority of rice grown globally and in the United States is used for human 
consumption, generally as a milled grain. Independent transgenic lines of rice plants (Kitaake) expressing 
the QQS gene were grown in a growth chamber under long-day (LD) conditions of 16 h light/8 h dark. 
Plants were visually and developmentally similar to nontransgenic lines (Fig. 2A and Fig. S2A); however, 
starch staining of the T2 (second generation progeny of the transformants) plants from 10 independent 
events indicated a decreased leaf starch. Three independently transformed lines bearing the QQS 
transgene and their respective WT sibling controls were chosen for further study. Determinations were 
made of plant height, panicle number per plant, seed number per panicle, seed weight, and leaf and seed 
composition (Fig. 2 and Fig. S2). Plant height, panicle number per plant, seed number per panicle, and 
seed weight of the T3 generation were similar for the transgenic and control lines (Fig. S2B). However, 
expression of the QQS gene decreased starch and increased protein content in leaves and seeds of the 
T3 and T4 generations (Fig. 2B). Leaf starch was decreased by about 60% at the end of the light cycle, 
and starch of mature seeds was decreased by about 6%. In contrast, protein was increased by 10% in 
leaves and 18% in mature seeds. 
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Fig. 2. Rice plants expressing the Arabidopsis QQS gene have increased protein content. (A) Visual 
phenotype and developmental patterns of QQS-E mutant lines and their seeds were similar to those of 
the controls. Morphology of 30- and 90-d-after-planting (DAP) growth chamber-grown plants of transgenic 
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line QQS-E 3-1 and segregating sibling controls is shown; T4 seeds from three independent 
transformation events (lines QQS-E 3-1, 30-2, and 33-3) are shown; see also Fig. S2. (B) Leaf and seed 
starch was decreased, and leaf and seed protein was increased, in rice QQS-E mutants compared with 
controls. Individual plants of siblings or mutants were identified by both herbicide resistance and PCR 
screening of leaf genomic DNA. The middle third of the second leaf from the primary tiller of 30-DAP T3 
plants and the mature T4 seeds from three independent transformation events (lines QQS-E 3-1, 30-2, 
and 33-3, 10 plants per line, and a total of 10 sibling plants) were analyzed in triplicate. All leaf harvests 
were made just before the end of the light period. All data in bar charts show mean ± SEM; n = 3 
independent transformation events. Student’s t test was used to compare QQS-E and controls; **P < 
0.01. 
We also investigated the effect of QQS transgene expression in another monocot, the C4 species (a 
monocot that initially uses 4-carbon photosynthesis to concentrate CO2) maize. In these studies, a hybrid, 
transformable, maize line, Hi-II, was used to determine whether QQS alters resource partitioning and 
effects compositional changes in maize kernels. Maize forms the basis for much of the US agricultural 
economy; the United States is the major exporter of maize worldwide, comprising ∼11% of all its 
agricultural exports (www.ers.usda.gov/topics/crops/corn.aspx). In addition, maize is the most widely 
grown crop in the world, and provides the major staple food for populations in Latin America, eastern and 
southern Africa, and southern Asia. Thus, understanding the control of metabolic resource partitioning in 
this species is an important step toward improving the nutritional value and protein content of a crop that 
billions of people depend upon for sustenance.  
Maize plants expressing QQS (T0 generation in the Hi-II background) were backcrossed to an inbred 
line, B73, avoiding a selfed hybrid Hi-II that would segregate and likely result in variation in seed 
composition. A major advantage of B73 is that its genome is sequenced; however, B73 is not readily 
transformable. The resultant QQS-E maize plants had indistinguishable morphology and seed 
development from their segregating sibling controls (Fig. 3A). However, QQS expression decreased 
starch content in mature kernels by 2–4%, increased oil content by 3–4%, and increased protein content 
by 10–20% (Fig. 3B). 
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Fig. 3. Phenotypic and compositional characterization of field-grown transgenic maize plants expressing 
QQS: QQS-E maize had a higher-protein trait. (A) Transgenic QQS-E maize plants and seeds were not 
distinguishable in morphology from their segregating siblings throughout development. Morphology of 52- 
DAP field-grown plants and segregating sibling controls of the third backcross generation (BC3) to the 
inbred line B73 is shown (line QQS-E 6-2). Maize plants were grown in the field; mutants and sibling 
controls were identified by both herbicide resistance and PCR screening of leaf genomic DNA. The red 
arrow indicates the leaf tip of a sibling control plant damaged from the herbicide treatment. (B) Kernel 
composition (BC4 generation) was altered in QQS-E compared with that of the WT siblings. Composition 
was determined in mature kernels by the nondestructive NIRS method. All data in bar charts show mean 
± SEM; n = 6 independent transgenic events from 32 QQS-E plants and 32 sibling plants. Student’s t test 
was used to compare QQS-E and controls; *P < 0.05, **P < 0.01. 
Ectopic Expression of QQS Does Not Alter Leaf Photosynthetic Rate. QQS down-regulation does not 
affect starch degradation in Arabidopsis; rather, the increased starch content is due to increased starch 
biosynthesis (10). The effects of QQS on starch and protein content are similar in leaves and seeds. In 
leaves, protein may provide a stable capacity to produce more resources, whereas starch is a transiently 
accumulated carbon resource that is used for the night. One potential mechanism for the observed QQS-
induced changes in protein and starch content is an alteration in leaf photosynthetic rate. To evaluate 
whether this might be the case, we measured the photosynthetic rate in soybean and maize leaves using 
five plants from each of two independent transformation events and their respective WT siblings grown 
under LD conditions. Photosynthetic rates of soybean plants were indistinguishable among the QQS-E 
transgenic lines and their segregating WT siblings (Fig. S3). Also, no significant difference was detected 
between photosynthetic rates of QQS-E maize plants and their segregating WT siblings (Fig. S3). This 
indicates that change in carbon and nitrogen allocation as a result of the ectopic expression of QQS is not 
likely associated with an increase in the rate of photosynthesis. 
QQS Interacts with NF-YC4. QQS protein has no sequence similarity to any known functional domains, 
which might have provided a clue as to the mechanism by which it regulates carbon and nitrogen 
allocation; likewise, it does not contain any domain of unknown function that is computationally 
recognizable as conserved among proteins. The universal ability of QQS expression to impart a high-
protein phenotype in other plants is consistent with the hypothesis that QQS confers its activity by 
interacting with a cellular protein or other molecule that is conserved across multiple species. To 
investigate a possible QQS–protein interaction, we conducted a yeast two-hybrid screening using QQS 
as bait against a cDNA library from Arabidopsis seedlings. Arabidopsis NF-YC4 (AtNF-YC4; At5g63470) 
was identified as a potential QQS interactor. The QQS–AtNF-YC4 interaction was supported by yeast 
two-hybrid pairwise reciprocal studies (Fig. S4 A and B). 
We further confirmed the physical interaction between QQS and AtNF-YC4 by GST pull-down assays 
using purified recombinant fusion proteins (Fig. 4A). To identify which region of the AtNF-YC4 protein 
interacts with QQS, we expressed the fusion proteins containing different segments of AtNF-YC4 and 
used them in pulldown assays. The binding to QQS appeared to require the region from amino acids 73–
162 of AtNF-YC4, corresponding to the location of the AtNF-YC4 histone fold-like domain. To evaluate 
whether QQS would bind generally to proteins containing histone fold-like domains, we tested QQS with 
AtNF-YB7 (At2g13570) in a pull-down assay. AtNF-YB7 contains a histone fold-like domain similar to that 
of AtNF-YC4; it is also predicted to be an AtNF-YC4 interaction partner (17). QQS did not bind to AtNF-
YB7 in pull-down assays (Fig. 4A), indicating that features unique to only some histone fold-like domains 
are likely to confer specificity for QQS binding.  
Coexpression of QQS and AtNF-YC4 in tobacco leaf in vivo detected the presence of the QQS–NF-
YC4 protein complex in the cytosol and in the nucleus (Fig. 4B and Fig. S4 C and D), indicating that the 
QQS–NF-YC4 interaction occurs in a cellular environment. This localization is different from that obtained 
in QQS–GFP expression studies, which indicates that the bulk of expressed QQS protein is in the cytosol 
(10). Coimmunoprecipitation (co-IP) assays using protein extracted from transgenic Arabidopsis plants 
stably overexpressing MYC-tagged QQS (QQS–TAP) further confirmed that NF-YC4 binds with QQS in 
vivo (Fig. 4C). 
NF-YC is conserved across eukaryotes (18, 19), consistent with our hypothesis that QQS acts via a 
conserved protein. To investigate whether QQS indeed interacts with NF-YC from soybean, rice, and 
maize, we selected the soybean, rice, and maize proteins most similar to AtNF-YC4 in amino acid 
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sequence by phylogenetic analysis of all histone fold-like domains in the protein coding genes from 
genomes of 10 diverse eukaryotic species (Fig. S5 shows this analysis for NF-YC–like histone-fold 
domains of rice, soybean, and Arabidopsis). We then examined whether QQS physically interacts with 
the AtNF-YC4 homologs in soybean (Glyma06g17780 and Glyma04g37291), rice (Os3g14669, 
Os2g07450, and Os6g45640), and maize (GrmZm2g089812). Indeed, GST pulldown assays indicated 
that QQS interacted with each of these soybean, rice, and maize NF-YC4 homologs (Fig. 4D). These 
findings are consistent with the concept that expression of QQS confers a high-protein phenotype to 
soybean, rice, and maize via interaction with NF-YC4. One example of a small, conserved plant peptide 
binding with a transcriptional regulator to regulate flowering time is the interaction between the florigen 
FLOWERING LOCUS T (FT) and the bZIP transcription factor FD (20, 21). The QQS–NY-YC4 complex 
provides an example of a small orphan peptide–transcription factor interaction in plants that can affect 
metabolic composition. 
Fig. 4. QQS interacts with NF-YC4. (A) GST pull-down assays showing an interaction between QQS and 
AtNF-YC4 proteins. AtNF-YC4 binds to QQS in the region between amino acids 73 and 162. (B) 
Bimolecular fluorescence complementation assays in tobacco leaves indicate that QQS and AtNF-YC4 
interact within the cytosol and nucleus. The interaction of BES1 and MYBL2, which occurs in the nucleus, 
was used as positive control. See Fig. S4D for additional controls. (Scale bars, 20 μm.) (C) Co-IP assays 
using protein extracted from 20-DAP Arabidopsis plants stably overexpressing MYC-tagged QQS (QQS–
TAP) indicate an interaction between QQS and AtNF-YC4. (D) GST pull-down assays showing an 
interaction between QQS and the soybean, rice, and maize NF-YC4 homologs. 
NF-YC protein acts in a heterotrimer complex with NF-YA and NF-YB proteins to remodel nuclear 
architecture and to mediate transcription of a variety of CCAAT box-containing genes, few of which have 
been defined (18, 22). NF-YBs and NF-YCs contain histone-fold domains, whereas NF-YAs have a 
conserved 56-amino acid domain that incorporates a CCAAT-binding region (18). In the canonical model, 
an NF-YC and NF-YB heterodimer is formed in the cytosol, transported to the nucleus, and binds with NF-
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YA to generate the NF-Y complex (23). This complex interacts with promoters containing CCAAT 
sequences and with other nuclear factors to regulate transcription and profoundly influence multiple 
developmental and stress- and disease-associated conditions (17, 19, 24). NF-Y also appears to play a 
more general role in chromatin relaxation (25). In animals, the NF-Y complex participates in the cell cycle 
(26). The simplest interpretation of our findings that the QQS–NF-YC4 complex is both cytosolic and 
nuclear (Fig. 4B) is that the predominantly cytosolic QQS (10) binds NF-YC4 in the cytosol and the 
resultant QQS–NF-YC4 complex moves into the nucleus; this explanation is conceptually similar to the 
activation of NF-Y, in which NF-YB is translocated into the nucleus only after binding with NF-YC (23). 
QQS Binds NF-YC4 Homologs Across Plant Species. In contrast to the single-copy NF-Y subunit 
genes reported from animal and fungal species, the regulation and function of NF-Y complexes in land 
plants are complicated by the presence of gene families of 10 or more members for each of NF-YC, NF-
YB, and NF-YA proteins (19, 27). The fact that multiple-member gene families encode the NF-Y subunits 
of plants has led to significant difficulties in interpretation of the role of each protein. These genes have 
varied patterns of expression, and are thought to act in different heterotrimer combinations to elicit 
various physiological and developmental responses, including regulation of shoot meristem development, 
gametophyte viability, embryogenesis, photosynthesis, and flowering time, as well as drought tolerance 
(19, 27, 28). For example, Arabidopsis contains up to 13 AtNF-YC genes; AtNF-YC3–AtNF-YC4–AtNF-
YC9 triple knockout (KO) mutants show defects in development and flowering (28). 
To directly explore whether QQS might increase protein content via its interaction with NF-YC4, we 
evaluated the ability of the AtNF-YC4 gene itself to affect composition in Arabidopsis. Under LD 
conditions, Arabidopsis plants overexpressing the AtNF-YC4 transgene looked similar to the WT controls 
(Fig. 5A). Overexpression of AtNF-YC4 decreased leaf starch accumulation by about 15% and led to a 
mean increase in leaf protein content of 17% compared with WT controls (Fig. 5 B and C). These data 
suggest that AtNF-YC4 has a similar function in regulating carbon and nitrogen allocation. Arabidopsis 
QQS T-DNA KO mutants and AtNF-YC4 T-DNA KO mutants grew similar to the WT controls, but QQS-
KO mutants had an increased leaf starch whereas AtNF-YC4-KO mutants did not show an obvious 
increase in leaf starch content at the end of the light cycle (Fig. S6A). This lack of increased-starch 
phenotype in AtNF-YC4-KO may be due to the redundancy of NF-YCs. Moreover, when OsNF-YC4-1 
(Os3g14669) was overexpressed in Arabidopsis under LD conditions, it did not alter the plant 
development or morphology but did decrease starch content up to 15–20% compared with WT controls 
(Fig. S6B). 
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Fig. 5. Overexpression of AtNF-YC4 increases protein content in Arabidopsis. (A) AtNF-YC4-OE plants 
had a similar visual phenotype as the WT control plants. (B) Effect of overexpressing AtNF-YC4 on starch 
by starch staining assay (3). (C) Effect of AtNF-YC4 overexpression on starch and protein content by 
quantitative determination of starch and protein. Bar charts show mean ± SEM; n = 3 replicates with 3 (for 
leaf starch) or 10 (for leaf protein) plants each. Student’s t test was used to compare protein and starch 
composition in WT and AtNF-YC4-OE lines; *P < 0.05, **P < 0.01. See Fig. S6 for information about 
AtNF-YC4 knockout and NF-YC4-OE mutants. Plants were grown in soil in a growth chamber under LD 
conditions and harvested at 20 DAP at the end of the light period. 
The molecular mechanism by which the QQS–NF-YC4 interaction alters carbon and nitrogen 
allocation remains to be determined. Because NF-YC4-OE (overexpression) increased the total protein 
composition on its own, a possible explanation is that up-regulation of QQS expression increased NF-
YC4 expression. However, the levels of AtNF-YC4, or any of the other 35 AtNF-Y transcripts, were not 
significantly affected by changes in QQS expression in Arabidopsis QQS-OE or QQS RNAi plants 
sampled at the end of the light cycle (Fig. S7A); furthermore, the expression pattern of the QQS gene is 
not correlated with that of any of the NF-Y genes (Fig. S7B). These data do not support that QQS 
regulates NF-Y at the transcriptional level. The transient expression analysis of localization of the QQS–
NF-YC4 complex (Fig. 4B) is consistent with the idea that QQS and NF-YC4 form a complex in the 
cytosol that is translocated into the nucleus. 
Taken together, the data are consistent with a model in which QQS acts in conjunction with AtNF-
YC4 to alter the allocation of nitrogen and carbon (Fig. 6). We envision three possible mechanisms. QQS 
protein might simply facilitate translocation of NF-YC4 from the cytosol to the nucleus. Alternatively, NF-
YC4 binding to histones might be enhanced due to QQS interaction. NF-YC4 is known to affect flowering 
and germination in Arabidopsis (28, 29). Furthermore, the αC helix of the NF-YCs, which is required for 
dimerization to NF-YB/NF-YC, can also bind MYC and p53 (30). Thus, there is precedence for NF-YCs 
acting as a target for transcriptional regulatory factors in the nucleus. Finally, NF-YC4 might act simply to 
shuttle QQS into the nucleus, where QQS would then act on its own.  
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Fig. 6. Model of QQS-induced change in composition. The working hypothesis is that cytosolic QQS 
forms a complex with NF-YC4, moves to the nucleus, and modulates transcription of target genes. The 
molecular mechanism is as yet to be determined. QQS might increase translocation of NF-YC4 to the 
nucleus and/or the nuclear QQS–NF-YC4 complex might enhance NF-YC4 activity/NF-Y transcription 
factor complex activity. Alternatively, NF-YC4 might simply shuttle QQS into the nucleus and release it, 
and QQS would itself have activity. The shifts in expression of targeted genes would result in altered 
composition with increased protein and decreased starch. Examples of conditions that induce QQS 
expression (11) are included to reinforce the intimate link between QQS expression and environmental 
perturbations. 
Overexpression of AtNF-YC4 or OsNF-YC4-1 in rice (Kitaake) decreased leaf starch content (Fig. 
S6C), similar to its effect in Arabidopsis. These rice NF-YC4-OE lines appeared identical to WT control 
plants (Fig. S6C). These data indicate that NF-YC4 can function across species to regulate plant 
metabolism and can function independent of QQS to alter plant composition. This is the first report, to our 
knowledge, showing that NF-YC4 plays a role in regulation of primary metabolism.  
It has long been known that composition varies widely with environmental conditions (31), although 
the underlying mechanisms are little-understood. Despite its dissimilarity to any protein-coding gene 
model in other (non-A. thaliana) species (10, 11), QQS expression is diversely patterned over time and 
space (10), is highly responsive to stresses (3, 10, 11, 32), and mediates compositional change (3, 10, 
33). It is our hypothesis that many orphan genes arise because they confer a selective advantage to an 
organism by modulating an internal pathway in response to environmental perturbations, thus facilitating 
adaptation to a new environment (11). The emergence of “new” orphan genes provides an alternative 
“explosive” means for evolutionary adaptation. The data presented herein suggest that for QQS this is 
achieved through QQS interaction with a conserved protein complex. Taken together, the data indicate 
that QQS may represent a mechanism that promotes evolutionary survival during speciation across 
changing environmental challenges. These data may have broad implications for how orphan genes can 
function and affect biological processes.  
In addition to the enigma surrounding how metabolic partitioning is controlled, the regulation of seed 
composition has major practical implications. Low protein intake contributes to mental retardation, 
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stunting, susceptibility to disease, wasting diseases, and sometimes death in hundreds of millions of 
children each year (34, 35). Because plants provide over 60% of human dietary protein and are the major 
source of protein for many of the world’s at-risk populations (36), increasing protein content in staple crop 
plants could greatly impact human health. Furthermore, the negative environmental impact of using 
animal-based foods as a protein source is substantial: About 100 times more water and 11 times more 
energy are required to produce an equivalent amount of animal-based protein compared with plant-based 
protein (37). Breeding efforts often fail to produce high-protein varieties without sacrificing yield or protein 
quality (1). Historically, it has been difficult to uncouple seed protein content from that of carbohydrate 
and lipid; furthermore, the partitioning of carbon and nitrogen into storage compounds is considered a 
multigenic trait (1). Here we reveal a piece of this molecular puzzle. Our data indicate that QQS increases 
protein accumulation and decreases carbohydrate accumulation at least in part via its interaction with NF-
YC4 protein. This QQS effect manifests itself irrespective of total protein content, and extends to rice and 
maize, two monocot species that diverged from A. thaliana about 150 million y ago (38). Because NF-
YC4 is conserved across eukaryotes, the results open a potential nontransgenic strategy to create high-
protein crops via targeted mutagenesis approaches such as transcription activator-like effector nucleases 
(TALENs) or clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR associated 
protein-9 nuclease (Cas9) technologies. More broadly, this demonstration that an orphan gene from one 
species can interact with a metabolic network of another species via a conserved protein suggests 
previously unidentified approaches to investigating the modulation of complex traits. 
Materials and Methods 
Constructs and Transformation. The 35S::QQS and 35S::NF-YC4 fusion constructs were made 
respectively by cloning the amplified full-length coding sequences of QQS and NF-YC4 into binary 
vectors pB2GW7 as described (3). The genes are expressed under the control of the constitutive 
cauliflower mosaic virus (CaMV) 35S promoter. Constructs were introduced into Agrobacterium 
tumefaciens strain GV3101 for transformation of A. thaliana ecotype Columbia (Col-0) (3, 10, 39), and A. 
tumefaciens strain EHA101 for transformation of soybean (Glycine max) cultivar Williams 82 (3), rice 
(Oryza sativa) cultivar Kitaake, and maize (Zea mays) hybrid Hi-II at the Iowa State University (ISU) Plant 
Transformation Facility (PTF) (agron-www.agron.iastate.edu/ptf). The transformed plants were delivered 
from the PTF at the T1 generation (soybean) or T0 generation (rice and maize). 
Additional Methods. Plant selection, crossing, and growth, plant harvest and molecular analysis, 
photosynthesis measurement of soybean and maize plants, yeast two-hybrid, protein expression and 
purification, pull-down assay, coimmunoprecipitation assay, bimolecular fluorescence complementation 
assay, phylogenetic inference, and statistical design and analysis are in SI Materials and Methods. 
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SI Materials and Methods 
Plant Selection, Crossing, and Growth. Soybean mutants and rice and maize transformants expressing 
QQS (QQS-E) were identified by BAR (bialaphos resistance) selection by leaf painting and subsequent 
PCR analysis for the presence of the QQS gene as described before (3). The vector-specific primers 
were pB2GW7-F: 5′-ACATTACAATTTACTATTCTAGTCGA-3′ and pB2GW7-R: 5′-
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GCGGACTCTAGCATGGCCG-3′; the control gene primers for soybean and rice were 18S-rRNA-F: 5′-
GGGCATTCGTATTTCATAGTCAGAG- 3′ and 18S-rRNA-R: 5′-CGGTTCTTGATTAATGAAAACATCCT- 
3′, and for maize were actin-F: 5′-ATTCAGGTGATGGTGTGAGCCACAC- 3′ and actin-R: 5′-
GCCACCGATCCAGACACTGTACTTCC- 3′. The segregating WT plants that were not resistant to 
herbicide and did not express QQS were used as sibling controls (3). Soybean QQS-E Williams 82 (3) 
was used as a pollen donor to cross with Iowa elite soybean lines (IA1022, IA2079, IA2102, IA2053, and 
IA3022; Williams 82 was used as a control) in the field. The F1 generation was grown and self-fertilized in 
the greenhouse in pots with three plants per pot under a controlled environmental of 16 h of light and 8 h 
of dark (long day; LD) at 27/22 °C (day/night). The F2 generation was planted in the field at Curtiss Farm 
in Ames, IA. All generations of rice transformants were grown in growth chambers under LD conditions 
from fluorescence lamps, 249 ± 7 μmol photons·m−2·s−1 PAR (photosynthetically active radiation) at 
28/25 °C (day/night). Rice plants of the T2 and T3 generations and seeds of the T4 generation were 
analyzed. The QQS-E maize plants were backcrossed (BCed) to the inbred line B73 (B73 was used as a 
pollen donor). The QQS-E maize T0 generation was grown in the greenhouse in pots with one plant per 
pot under a controlled environmental of LD conditions at 28/21 °C (day/night). Plants were backcrossed to 
B73 by hand pollination. The BC1 seeds were planted in the field at Woodruff Bennet Farm in Ames, IA. 
The backcross process to B73 by hand pollination was conducted and repeated twice in the field at 
Woodruff Bennet Farm in Ames, IA. The plants of the BC3 generation and seeds of the BC4 generation 
were analyzed. 
The NF-YC4 knockout line of SALK_032163 from the Arabidopsis Biological Resource Center (ABRC; 
www.arabidopsis.org/servlets/TairObject?type=germplasm&id=4634751) was screened and selected for 
homozygous mutants. SALK_032163 was previously proven to be a knockout line of AtNF-YC4 by the 
Holt group (28). Homozygous ABRC QQS knockout line CS907367 
(www.arabidopsis.org/servlets/TairObject?type=germplasm&name=WiscDsLoxHs077_09G) was also 
generated. Arabidopsis was grown in a growth chamber under LD conditions from fluorescence lamps, 
114 ± 4 μmol photons·m−2·s−1 PAR at 22 °C and harvested as described (10). 
Plant Harvest and Molecular Analysis. Leaves of Arabidopsis and rice were harvested at the end of the 
light period. Composition (starch staining and quantification, and protein content) and RNA-seq (RNA 
sequencing) were determined from Arabidopsis T2 seedling shoots grown in soil in a growth chamber (3) 
at 20 d after planting (DAP). For rice, the middle third of the second leaf (adjacent to the flag leaf) of the 
primary tiller from 30-DAP plants was harvested (T2 and T3 lines for leaf starch staining, and T3 lines for 
leaf starch quantification and leaf protein content). I2/KI (iodine and potassium iodide) staining for starch 
used the entire aerial portion from five plants for Arabidopsis (3). For rice, the middle third of the second 
leaf of the primary tiller from five plants was harvested and cut into small pieces about 1–1.5 cm long and 
used for starch staining. About 36 QQS-E rice T2 lines from 10 independent transformation events 
showed decreased starch in leaf by starch staining. Three representative lines (QQS-E 3-1, 30-2, and 33-
3), each from an independent transformation event, were selected for further study of leaf starch/protein 
(T3 generation) and seed starch/protein (T4 generation). For leaf starch and protein quantification, three 
Arabidopsis shoots and sections of leaves from 10 rice plants were used per replicate. Three replicates 
were analyzed from each independent line for both Arabidopsis and rice.  
Mature seeds were harvested from individual plants of soybean and rice. Ten soybean seeds (F3 
generation) and 10 rice seeds (T4 generation) from each individual plant were used per replicate for 
protein combustion, with three biological replicates. For quantification of leaf protein of Arabidopsis and 
rice and seed protein of rice and soybean, plant materials were baked at 71 °C. Dry leaf/seed tissue (0.07 
g) was used for each determination. The total protein content was measured at the Soil and Plant
Analysis Laboratory of the Department of Agronomy at ISU (soiltesting.agron.iastate.edu). Total 
nitrogen was determined by using a LECO CHN-2000 and converted to protein content (3). 
For starch quantification of rice mature seeds, about 10 seeds per plant were baked at 65 °C for 5 d 
and ground into a fine powder with a high-speed homogenizer. Rice seed starch quantification followed 
the procedures as described (40) with some modifications.  Briefly, about 35 mg of rice seed powder was 
suspended in 10 mL 80% ethanol and incubated at 80–85 °C in a water bath for 30 min and centrifuged 
at 3,088 × g for 10 min after cooling to room temperature. The supernatant was decanted carefully. The 
above steps were repeated twice to remove the free sugar and glucose. The pellet was resuspended in 
24 mL sterilized water and boiled for 30 min. After cooling to room temperature, the homogenized solution 
was subjected to starch quantification assay using the D-Glucose Assay Kit (GOPOD format; Megazyme) 
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following the manufacturer’s instructions (3). 
Compositional analysis of soybean seeds (protein, oil, and fiber) and maize seeds (protein, oil, and 
starch) was conducted with near-infrared spectroscopy (NIRS) using a Bruins Grain Analyzer 106110 at 
the ISU Iowa Grain Quality Laboratory (www.extension.iastate.edu/grain/lab); about 60 g of seeds per 
plant was tested, with three biological replicates for each independent line. 
For Arabidopsis RNA-seq, total RNA from six shoots was extracted for each biological replicate and 
purified as previously described (10). Two biological replicates were used for each mutant line, and three 
were used for the WT controls. Both the 200-bp short-insert library and the transcriptome sequencing (an 
Illumina HiSeq 2000 system with V3 reagent, 91 pair-end sequencing) were conducted at BGI Americas 
(bgi-international.com/us). The cleaned reads were aligned to the reference genome of Arabidopsis 
thaliana (Phytozome version 8.0; phytozome.jgi.doe.gov/pz/portal.html) using TopHat (41); htseq-count 
(wwwhuber.embl.de/HTSeq/doc/overview.html) was used to count the mapped reads. Genes with an 
average of at least 1.5 uniquely mapped reads across samples were tested for differential expression 
using the negative binomial QLShrink method described by Lund et al. (42) and implemented in the R 
package QuasiSeq (cran.r-project.org/web/packages/QuasiSeq). Normalization was accomplished by 
including the log of the 0.75 quantile of read counts (43) in the log-linear model for the mean of each 
RNA-seq read count. The P values obtained for each genotype comparison were converted to q values 
(44) using an approach previously described (45) to estimate the number of genes with true null 
hypotheses among all genes tested. To control the false discovery rate at ∼5% when identifying genes 
with significant expression differences between genotypes, q values no larger than 0.05 were considered 
as evidence of significant differential expression. 
Photosynthesis Measurements of Soybean and Maize Plants. Carbon assimilation rate was 
measured by a gas-exchange method. Soybean and maize plants were randomly grown in pots (one 
plant per pot) in growth chambers under LD conditions at a photon flux density of 300 μmol·m−2·s−1 
(provided by fluorescence lamps) at 27/22 °C for soybean and 28/21 °C for maize (day/night). Ten QQS-
E Williams 82 transformants and 10 segregating siblings of the T4 generation, 10 maize QQS-E mutants, 
and 10 segregating siblings of the BC4 generation were identified by BAR selection and PCR screening 
of leaf genomic DNA. 
Gas-exchange values were collected from 39-DAP plants from 11:00 AM to 2:00 PM within the light 
period, using LI-COR LI-6400XT portable infrared gas analyzers. The light intensity was 300 μmol 
photons·m−2·s−1 PAR, with a reference CO2 concentration of 400 μmol CO2·m−2, 50% humidity, 26 °C 
leaf temperature, and flow rate of 300 μmol·s−1. 
At 50 DAP (March 15, Ames, IA), maize plants were moved to the greenhouse to prevent light 
damage from the fluorescence lamps. In the greenhouse, the plants received natural lighting. The 
temperature was set at 28/21 °C (day/night), and maximum PAR measured was 1,200 μmol 
photons·m−2·s−1. Gas-exchange values were collected from 60-DAP plants from 2:00 to 3:30 PM, with 
LI-COR LI-6400XT portable infrared gas analyzers. The light intensity was set to 1,200 μmol 
photons·m−2·s−1 PAR, with 50% humidity, 25 °C leaf temperature, and flow rate of 300 μmol·s−1. 
Yeast Two-Hybrid. For initial screens, Matchmaker System 3 (Clontech) was used to identify QQS-
interacting proteins using an Arabidopsis Columbia cDNA library constructed with 3-d-old etiolated 
seedlings (www.arabidopsis.org/servlets/TairObject?type=library&id=23). For reciprocal yeast two-hybrid 
assays, QQS and AtNF-YC4 were cloned into pGBKT7 (bait vector) and pGADT7 (prey vector), 
respectively (Clontech). 
Protein Expression and Purification. Escherichia coli transformants containing the AtNF-YC4 gene (or 
other NF-Y genes or gene fragments) fused with a His-MBP (maltose-binding protein) tag on pDEST-His-
MBP were grown at 37 °C and induced by 0.75 mM isopropyl-β-D-thiogalactopyranoside (IPTG) at 12 °C 
for 20 h. His-MBP–tagged protein was extracted and purified using Ni Sepharose 6 Fast Flow (GE 
Healthcare Life Sciences) affinity chromatography under native conditions at 4 °C. The cell pellet was 
resuspended in 15 mL binding buffer (50 mM NaH2PO4, pH 8.0, 500 mM NaCl, 30 mM imidazole). The 
cells were lysed by intermittent sonication. After centrifugation at 10,000 × g for 20 min, the resins were 
added to the cleared lysate. After shaking at 4 °C for 30 min, the lysate/resin mixture was loaded onto a 
column. The resins were washed with wash buffer (50 mM NaH2PO4, pH 8.0, 500 mM NaCl, 60 mM 
imidazole). The binding protein was eluted off the column with elution buffer (50 mM NaH2PO4, pH 8.0, 
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500 mM NaCl, 250 mM imidazole). The eluted proteins were dialyzed twice against phosphate-buffered 
saline (PBS) (140 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, pH 7.3). E. coli 
transformants expressing the QQS gene fused with GST on pGEX-2T vector were grown under the same 
conditions as above. Purification of GST-tagged QQS was conducted using glutathione Sepharose 4B 
(GE Healthcare Life Sciences) affinity chromatography under native conditions at 4 °C. The cell pellet 
was resuspended in 15 mL PBS buffer, and cells were lysed by intermittent sonication. Similar steps were 
performed as above to load the lysate/resin mixture onto a column. The resins were washed with PBS. 
The binding protein was eluted off the column with elution buffer (50 mM Tris·HCl, 10 mM reduced 
glutathione, 5 mM DTT, pH 8.0). The eluted proteins were dialyzed twice against PBS buffer. The 
concentration of purified protein was determined using a BCA Protein Assay Kit (Thermo Fisher Scientific) 
and BSA as the standard. 
Pull-Down Assay. Purified His-MBP–tagged NF-Y or NF-Y fragment protein (5 μg) was mixed with bead-
immobilized GST-QQS fusion protein (10 μg) in 1 mL PBS buffer containing 1% nonyl 
phenoxypolyethoxylethanol (NP)-40, 1 mM DTT, and 0.5 μg/μL BSA. The mixture was incubated at 4 °C 
for 2 h. GST protein immobilized on beads was used in incubations with His-MBP–tagged proteins as a 
negative control. The beads were recovered by centrifugation, washed six times with 1 mL PBS buffer 
(GE Healthcare Life Sciences), and resuspended in 50 μL SDS sample buffer, boiled in a water bath for 
10 min, and centrifuged at 369 × g for 1 min. Fifteen microliters of the resultant supernatant was 
fractionated by SDS/PAGE on a 12% gel, followed by immunoblotting and analysis with rabbit antiserum 
against MBP (New England Biolabs). 
Bimolecular Fluorescence Complementation Assays. For bimolecular fluorescence complementation 
(BiFC) assays, AtNF-YC4 and QQS were fused in-frame to the C terminus of nYFP and cYFP, 
respectively (46). The YFP activity from the interaction of BES1 and MYBL2 was used as a positive 
control for nuclear localization (47, 48). Negative controls included nYFP-AtNF-YC4 and cYFP, nYFP and 
cYFP-QQS, and nYFP and cYFP. Agrobacterium tumefaciens strain GV3101 transformed with each of 
the five combinations of constructs was coinfiltrated into Nicotiana tabaccum with three independent 
injections. The reconstituted YFP signal was observed 48 h after infiltration under a Zeiss Axioplan 2 
fluorescence microscope at the ISU Microscopy and NanoImaging Facility 
(www.microscopy.biotech.iastate.edu/).  
Coimmunoprecipitation Assay. Co-IP assay was performed as previously described (49) with minor 
modifications as follows. Arabidopsis seedlings expressing the MYC-tagged QQS transgene were 
homogenized in protein lysis buffer (1 mM EDTA, 10% glycerol, 75 mM NaCl, 0.05% SDS, 100 mM 
Tris·HCl, pH 7.4, 0.1% Triton X-100, 1× complete mixture protease inhibitors). After protein extraction, 
anti-MYC antibody was added to total proteins. After incubation with gentle mixing for 1 h at 4 °C, 200 μL 
50% protein A beads (Trisacryl immobilized protein; A-20338; Thermo Fisher Scientific) were added, and 
the mixture was incubated for 1 h. The mixture was centrifuged at 369 × g for 1 min, and the supernatant 
was removed. The precipitated beads were washed at least four times with protein extraction buffer (1 
mM EDTA, 10% glycerol, 75 mM NaCl, 0.05% SDS, 100 mM Tris·HCl, pH 7.4) and eluted by boiling for 5 
min in 2× SDS protein-loading buffer. Anti–NF-YC antibody (ab55799; Abcam) was used to detect AtNF-
YC4 in the protein extracts from Arabidopsis seedlings in this experiment. 
Phylogenetic Inference. Sequences were selected as potential NF-Y genes with an HMMER 3.0 (50) 
search (hmmsearch) of the PF00808.18 PFam domain (histone fold-like domain) against the protein 
sequences of Glycine max, Oryza sativa, A. thaliana, Chlamydomonas reinhardtii, Zea mays, Homo 
sapiens, Mus musculus, Danio rerio, Saccharomyces cerevisiae, and Dictyostelium discoideum. The 
trees were built using the PhyML package (51) (with parameters “-a e -f m”) and visualized in 
Archaeopteryx (sites.google.com/site/cmzmasek/home/software/archaeopteryx). 
Statistical Design and Analysis. Plants were grown, collected, and analyzed in a completely 
randomized design. A minimum of three biological determinations from each independent transgenic line 
and each control was used for qualitative and quantitative analyses of composition. For compositional 
analyses, plant samples were assigned randomized numbers and submitted with no genotype/identity 
identification.  
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Data are presented as mean ± SEM. Independent samples were compared using Student’s t test 
(two-tailed). These t tests were conducted as part of a one-way analysis of variance (ANOVA) for 
analyses involving more than two groups (in Fig. 1B and Figs. S1B and S2B). P < 0.05 was considered 
significant (*); P < 0.01 was considered very significant (**). 
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Fig. S1. Field-grown soybean plants expressing the QQS gene of Arabidopsis were similar to their 
controls. (A) QQS-E elite soybean lines were morphologically similar to their respective segregating 
sibling controls (F2 generation from the crosses of QQS-E Williams 82 and elite soybean lines), with 
similar seed size and shape (F3 generation). (B) Seed weight per plant (F3 generation) was 
indistinguishable, but seeds had increased protein (F3 generation) by protein combustion analysis 
(percent per dry weight). Percent increase of seed protein compared with respective segregating siblings 
is labeled at the top of the mutant bar. All data in bar charts show mean ± SEM; n = 3 replicates from 
three individual plants of mutants, siblings, or wild-type controls, identified by both herbicide resistance 
and PCR screening of leaf genomic DNA. Student’s t test was used within an ANOVA to compare QQS-E 
and controls; *P < 0.05, **P < 0.01; P > 0.05 for those with no marks. 
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Fig. S2. Rice plants expressing the QQS gene of Arabidopsis were similar to their controls. (A) QQS-E 
rice plants had indistinguishable plant development and plant height (T3 generation). Morphology of 
growth chamber-grown plants of transgenic line QQS-E 3-1 and segregating sibling controls is shown. (B) 
Plant height and panicle per plant of T3 generation, seed number per panicle, and seed weight of T4 
generation compared with their controls from three independent transformation events (lines QQS-E 3-1, 
30-2, and 33-3) are shown from individual plants of siblings (about 10 plants in total) or mutants (about 20 
plants per line), identified by both herbicide resistance and PCR screening of leaf genomic DNA. Rice 
plants were grown in soil in a growth chamber under LD conditions from fluorescence lamps, 249 ± 7 
μmol photons·m−2·s−1 PAR at 28/25 °C (day/night). Rice seed weight was determined from an average 
of 100 seeds per plant. All data in bar charts show mean ± SEM; n = 10 (sibling) or 20 (QQS-E) plants. 
Student’s t test was used within an ANOVA to compare QQS-E and controls; P > 0.05 for all these tests. 
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Fig. S3. No significant difference was detected in photosynthetic rate in soybean and maize plants 
expressing QQS compared with their controls. Plants were completely randomly grown in a growth 
chamber under LD conditions: 16 h light/8 h dark, 27/22 °C for soybean and 28/21 °C for maize. Corn 
plants were moved to a greenhouse at 50 DAP (March 15) and exposed to natural light. The 
photosynthetic rate was measured on 39-DAP soybeans and 60-DAP corns. All data in bar charts show 
mean ± SEM; n = 10 mutant plants from two independent transformation events or 10 plants of sibling 
controls, identified by both herbicide resistance and PCR screening of leaf genomic DNA. Photosynthesis 
was measured by gas exchange using a LI-COR LI-6400XT portable infrared gas analyzer. Student’s t 
test was used to compare QQS-E and controls; P = 0.85 for the test in soybean; P = 0.75 for the test in 
maize.  
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Fig. S4. AtNF-YC4 is a QQS interactor. (A) Reciprocal yeast two-hybrid assays were consistent with a 
QQS and AtNF-YC4 interaction; AtNF-YC4 on bait had an autosignal; QQS-prey and AtNF-YC4-bait 
signal was higher than AtNF-YC4-bait. AD, prey; BK, bait. (B) Statistical analysis of quantified expression 
indicates AtNF-YC4-bait and QQS-prey expression was higher than AtNF-YC4-bait (*P < 0.05), whereas 
expression of AtNF-YC4-bait and expression of AtNF-YC4-bait and QQS-prey were higher than 
expression of BK and AD vectors (**P < 0.01). (C) Constructs for BiFC assays: AtNF-YC4 and QQS were 
fused in-frame to the C terminus of nYFP and cYFP. (D) BiFC assays in tobacco leaves indicate that 
QQS and AtNF-YC4 interact within the cytosol and the nucleus; no YFP signal was detected without a 
QQS and AtNF-YC4 interaction. Negative controls included nYFP-AtNF-YC4 and cYFP, nYFP and cYFP-
QQS, and nYFP and cYFP. cYFP, C terminus of YFP; nYFP, N terminus of YFP. (Scale bars, 20 μm.) 
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Fig. S5. Phylogenetic tree of the NF-YC histone fold-like domains. The NF-YC transcription factor is 
conserved across eukaryotes, and in plants has evolved into large multifunctional gene families. Analysis 
was conducted on 10 diverse eukaryotic species. Results are shown here only for the sequences with 
NF-YC histone fold-like domains from A. thaliana (14 genes), O. sativa (16 genes), G. max (26 genes), 
and, as an outgroup, C. reinhardtii (three genes), because of data complexity. 
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Fig. S6. NF-YC4’s function in different plant species. (A) Arabidopsis QQS knockout mutants (CS907367) 
and AtNF-YC4 knockout mutants (SALK_032163) looked similar to WT controls and QQS-KO had 
increased starch by starch staining, while AtNF-YC4-KO did not show an obvious increase in leaf starch 
accumulation. (B) Arabidopsis plants overexpressing OsNF-YC4-1 had a similar visual phenotype as WT 
controls but decreased leaf starch content by starch staining and starch quantification. The bar chart 
shows mean ± SEM; n = 3 replicates with three plants each. Student’s t test was used to compare starch 
composition in WT and OsNF-YC4-1-OE lines; **P < 0.01. (C) Thirty-day-after-planting rice plants 
overexpressing AtNF-YC4 or OsNF-YC4-1 looked identical to their segregating sibling control plants but 
had decreased starch by starch staining. Arabidopsis (T2 generation for OsNF-YC4-1-OE plants) and rice 
plants (T1 generation) were grown in soil in a growth chamber under LD conditions from fluorescence 
lamps: 114 ± 4 μmol photons·m−2·s−1 PAR at 22 °C for Arabidopsis and 249 ± 7 μmol photons·m−2·s−1 
PAR at 28/25 °C (day/night) for rice. Plants for starch staining (five plants per genotype) and starch 
quantification (three plants per genotype) were harvested at the end of the light period. 
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Fig. S7. Expression and coexpression of QQS and NF-Y genes in WT and mutant lines are not correlated 
in Arabidopsis. (A) There was no significant change in transcript levels for any of the NF-YA, NF-YB, or 
NF-YC genes in QQS-OE lines or QQS RNAi lines versus the WT controls. Two replicates, each from 
shoots of six 20-DAP plants grown in soil in pots and harvested at the end of the light cycle under LD 
conditions, were used for each mutant line, with three replicates for the WT controls. and, not determined. 
bThis QQS RNAi line was confirmed to have decreased QQS expression by real-time PCR (3) and 
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western blot (10); however, some degraded pieces of the RNAi-targeted QQS-coding sequence may 
have been aligned to the QQS mRNA and counted as reads for the QQS transcript, which may have 
contributed to this high q value. (B) The relative accumulation of QQS and NF-YC4 transcripts (Pearson’s 
correlation −0.10) is shown across 1,000 conormalized samples from 80 diverse (Affymetrix platform) 
experiments (39). The QQS transcript is not significantly correlated (Pearson’s correlations range 
between 0.30 and −0.28) with any of the 36 NF-YA, NF-YB, or NF-YC transcripts. MetaOmGraph 
software was used for the correlations and visualization (www.metnetdb.org/MetNet_MetaOmGraph.htm). 
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